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1 Introduction 
Highest demands with regard to performance, reliability and quality of steel castings lead 
to an increasing pressure on both the metal-making and metal-using industry. In this context, the 
removal of solid and liquid inclusions such as deoxidation products plays a very special role. It is 
well known that size, type and distribution of nonmetallic inclusions decrease the mechanical 
properties and especially the fracture toughness, the tensile strength, the ductility, as well as the 
fatigue resistance of the cast products dramatically, resulting in excessive casting repairs or 
rejections.  
In order to remove these nonmetallic inclusions and ensure the requirements of high 
purity metal castings, ceramic foam filters (CFF) have been used in steel applications for several 
years. Nowadays, approximately 15 % of the castings are produced by using these filters. 
However, their potential regarding material characteristics and filtration behavior has not been 
fully exploited yet. Therefore, the Collaborative Research Center 920 (CRC 920) 
“Multifunctional filters for metal melt filtration – a contribution to zero defect materials” at the 
Technische Universität Bergakademie Freiberg, in whose framework the current dissertation had 
been conducted, has set itself the task to improve the filtration behavior of ceramic filter 
materials. The ambitious aim of a remarkable reduction of nonmetallic inclusions in the metal 
matrix is to be achieved by the development of both intelligent filter materials and systems. With 
the aid of functionalized filter surfaces, based on active, ceramic coatings, the deposition of 
inclusions on the filters is supposed to be improved considerably. In addition, reactive filter 
materials are intended to react with the dissolved gases in the metal melt, in order to reduce gas 
impurities, as well as nonmetallic inclusions, which occur below the liquidus temperature. 
In course of the present work, the focus is on the development of ceramic foam filters for 
steel melt filtration in particular. Here, the active filters are based on carbon bonded alumina, 
which are expected to decrease the amount of exogenous, as well as primary and secondary 
endogenous inclusions in the steel melt. Therefore, the surface tension at the interfaces filter 
wall/ inclusion/ steel melt, are specifically set. On the one hand, this will be carried out by means 
of the application of oxide coatings, whose chemical composition equates to that of different 
inclusion types. On the other hand, the functionalization of the active filters should be achieved 
via increasing amorphous carbon amounts on the surface.  
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The reduction of the amount of dissolved oxygen in the steel melt and hence, decreasing 
occurrence of endogenous tertiary and quaternary inclusions is aspired with the aid of reactive 
filters, based on carbon bonded magnesia. Thereby, a reaction of the filter material with the 
oxygen is to be caused, resulting in the formation of inclusions, which then deposit on the filter 
wall. 
The combination of the active Al2O3-C material with the reactive MgO-C should lead to 
filters, unifying the functionalities of both filter types. Moreover, a possible in situ spinel 
formation could counteract further shrinkage of the filter material during application, due to the 
associated volume expansion. 
Finally, a selection of the newly developed filters is to be tested, in cooperation with the 
industry, in order to ensure real casting conditions. Besides the applicability of the filters, various 
parameters are intended to be found, which might give indication of dependencies and processes, 
occurring in steel melt filtration. Therefore, contaminating filters will be installed in front of the 
filters to be tested, which impurify the steel melt intentionally. From the use of different 
contaminating materials, especially the influence of the chemistry on the filtration behavior can 
be derived.  
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2 Theoretical Background 
 Formation and impact of nonmetallic inclusions 2.1
The portion of oxidic, nonmetallic inclusions, their kind, form, and distribution are of 
great importance for influencing material properties in applications such as high-strength steels. 
They determine the deformation and rupture behavior, as well as the physical properties of the 
steel to a large extent. During load, stress concentrations are generated in the proximity of 
inclusions [Bar05, Jac94]. The classification of these inclusions can be done in a variety of ways. 
Depending on the origin, differentiation is made between exogenous and endogenous inclusions. 
Exogenous inclusions can get into the melt e.g. due to erosion of refractory materials during the 
various steelmaking processes. In modern processes, this inclusion type bears only an 
insignificant part of the collectivity of inclusions. According to this, endogenous inclusions are 
of particular importance, which in turn, are subdivided in consideration of their time of 
origination: 
 Primary inclusions occur immediately after the addition of deoxidizers. Their formation 
continues, until the equilibrium of deoxidation reaction at a constant temperature is 
reached. These reactions take place in the liquid steel, whereby the inclusions are 
assumed to be deposited before solidification of the melt. 
 Secondary inclusions are formed due to the temperature dependency of the deoxidation 
reaction during cooling down to liquidus temperature. As a result of their small size and 
the increasing viscosity of the steel melt, this inclusion type can only be hardly 
deposited.   
 Tertiary inclusions are originated between liquidus and solidus temperature. The 
solubility of the deoxidizers and particularly of the oxygen decreases from the liquid to 
the solid state of the steel, resulting in their enrichment. On exceeding the saturation 
solubility, new inclusions can arise. 
 Quaternary inclusions are formed within the already solidified steel, which is also 
traceable back to the decreasing solubility of both the deoxidizer and the oxygen. 
[Ovt02] 
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According to their chemical composition, the oxidic, nonmetallic inclusions can be 
classified into:  
 Corundum-type:  general notation; Me2O3 (e.g. Al2O3). This type is of particular 
importance, since Al is the most common deoxidizer 
 Iron oxide-type:  in most cases iron is partially substituted by manganese (FeO,  
   MnO, [Fe,MnO]) 
 Spinel-type:   general notation; MeO·Me2O3 (mostly MgO·Al2O3, FeO·Al2O3,  
   MnO·Al2O3) 
 Silicate-type:  varying oxide-ratios of this type prohibit a general notation. 
   Typical representatives are: 3Al2O3·2SiO2, MnO·SiO2,   
   2FeO·SiO2 [Ovt02] 
 
A third and also appropriate way to classify the oxidic, nonmetallic inclusions is the 
distinction of the particles, with regard to their respective morphology, presented in Figure 2-1. 
These consist of small or large spherical inclusions (a), octahedral inclusions (b), small 
polyhedral inclusions (c), large polyhedral inclusions (d), plate-like inclusions – mainly 
hexagonal or trigonal (e), dendritic inclusions (f), clustered inclusions (g), aggregated inclusions 
(h). [Dek02]  
The size of the inclusions is a further differentiator, which gives indication of the present 
inclusion type. A distinction is made between: 
 macroscopic inclusion (> 20 µm – mainly exogenous inclusions or clusters of small 
inclusions)  
 microscopic inclusions (1-20 µm – primary, secondary or tertiary inclusions)  
 sub-microscopic inclusions (< 1 µm – quaternary inclusions). [Koc98]  
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Figure 2-1: Spherical inclusion (a), octahedral inclusion (b), small polyhedral inclusion (c), large polyhedral 
inclusion (d), plate-like inclusion (e), dendritic inclusion (f), clustered inclusions (g), aggregated inclusions (h) 
[Dek02] 
 
 
The mean value of microscopic inclusions is approximated to 2-5 µm. In case of 
macroscopic inclusions, however, a tendency has been demonstrated, indicating that the 
inclusion frequency decreases exponentially as a function of increasing inclusion diameters 
(Figure 2-2). [Jac96] 
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Figure 2-2: Inclusion size distribution [Hoh89] 
 
A combination of the varying classifications via the observation of inclusions in 
aluminum deoxidized iron has been examined by Wasai et al. [Was02], who assigned the 
dendritic, maple-like and polygonal inclusions to the group of primary inclusions. These flaws 
consist of alumina, with some having small quantities of iron or silicon and aluminum present. In 
contrast, the network-like, coral-like, and spherical inclusions – which are composed of alumina, 
hercynite and wustite – were classified as secondary inclusions. Regarding the secondary 
inclusions – alumina, α-, γ-, and δ-structures were detected. Moreover, amorphous silica 
inclusions could be observed.  
 The crucial influence of the nonmetallic inclusions on varying properties of the casted 
steel has extensively been studied for years. Even though some nonmetallic inclusions, in 
particular secondary inclusions, possess positive influence on the steel due to their effect as 
grain-growth inhibitors, resulting in fine-grained steel, the negative influence is predominant. 
[Yan13] These influenced properties are principally: 
 mechanical properties (e.g. strength, fatigue life) 
 ductile and brittle fracture 
 hot shortness and tearing 
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 welding properties 
 machinability 
 surface polishing and finishing 
 corrosion [Hol14] 
 
According to the literature, 90 % of fracture accidents are traceable back to fatigue, 
which is therefore the most important failure mechanism. The fatigue strength of a material is 
generally influenced by the inclusion shape, the adhesion of inclusions to the matrix, elastic 
constants of inclusions and matrix and the inclusion size. [Ovi07] The discrepancy of Young´s 
modulus and thermal expansion of the nonmetallic inclusions and the steel matrix results in 
internal stresses and a comparably lower interfacial strength between inclusion and matrix exists. 
[Hen13, Vol78] Additionally, the inconsistency of deformation between nonmetallic inclusions 
and matrix results in local plasticity, where fatigue cracks can be developed under cyclic loading 
conditions. When an effectual driving force is reached, propagation of these fatigue cracks 
results in component failure. [She05]  
 
 
Figure 2-3: Relationship between flaking life of ball bearings and numbers of oxide inclusions larger 
than 30 μm, left [Uhr63], relationship between average inclusion diameter and fatigue strength reduction factor, 
right [Duc63]  
 
As shown in Figure 2-3 left, also the amount of the nonmetallic inclusions, remarkably 
affects the fatigue life of a casting, exemplified by ball bearings. With increasing quantity, the 
fatigue life decreases exponentially. [Uhr63] As previously mentioned, the size of the respective 
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inclusions possesses direct influence on the fatigue strength of steel. The larger the particles, the 
more pronounced the fatigue strength reduction (Figure 2-3 right). However, the effect of the 
particles is also dependent on their location. Inclusions, located at the casting surface, exhibit a 
much higher destructive potential compared to internal inclusions. [Duc63] According to Zhang, 
the detrimental influence of the inclusion size cannot be generalized. The maximum size of 
inclusions, possessing negative effects on the casting properties, is dependent on the cleanliness 
requirements for various steel grades and products, shown in Table 2-1. [Zha03] 
 
Table 2-1: Typical steel cleanliness requirements reported for various steel grades [Zha03]  
Steel product Maximum inclusion size 
Automotive & deep-drawing sheet 100 µm 
Drawn & ironed cans 20 µm 
Line pipe 100 µm 
Ball bearings 15 µm 
Heavy plate steel Single inclusion 13 µm/ cluster 200 µm 
Wire 20 µm 
 
 
 Filtration of steel melt 2.2
In order to remove these oxide inclusions and ensure the requirements of high purity 
metal castings, ceramic filters have been used in steel applications for several years. The filters 
are installed in the gate system and exposed to casting temperatures between 1400-1650 °C for 
approx. 30 s per ton of cast steel [Jan96, Bro94]. Janke et al., Hammerschmid and Morales 
discussed filtration mechanisms, filtration efficiencies, filter materials, and filter structures for 
steel melts [Jan96, Ham88, Ham94, Mor08]. 
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Figure 2-4: Different filtration mechanisms. Depth filtration is the most important mechanism in case of melt 
filtration [Lanik Foam Ceramics Brochure] 
 
Concerning the filtration mechanisms, a distinction is made between screen filtration, 
cake filtration and depth filtration. In case of screen filtration, particles whose diameters are 
larger than those of the filter windows are trapped at the surface. Regarding cake filtration, a 
cake, consisting of particles, is formed in the initial stage. The cake thickness and therefore the 
filtration resistance increases with the passing of time. In comparison to the prementioned 
mechanisms, the depth filtration provides filtration of even small particles. Suspended particles 
are adsorbed on the inner walls of the filter channels and pores, without preventing the mediums 
passage. With respect to steel melt filtration, only those filter systems are effective, which ensure 
good permeability coinciding with trapping of fine, as well as coarse particles. Consequently, 
both the screen filtration and the cake filtration are not appropriate since the required pore 
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diameter and the formed cake would not enable sufficient filter capacity. In contrast, only the 
depth filtration comes into question, even though it is a discontinuous process, since the intake 
capacity decreases with increasing filtration resistance. The real deposition initially requires that 
the respective particles reach the filter walls, where adhesion forces prevent detaching of 
particles due to subsequent melt flow. Equations 2-1 – 2-4 describe the adhesion mechanisms as 
a function of surface energies. Out of it, the adhesion force WA, which is the force needed to 
separate two faces with a contact area of 1 cm2, is calculated, (2-1). 
 
WA = γlg + γsg – γsl                 2-1                                   
With:  
γlg = surface tension of the melt,  γsg = surface tension of the solid,   
γsl = interfacial energy. 
 
In contrast, the separation of a single-phase system leads to the generation of a further interface, 
which requires the cohesion force WK (2-2).  
 
WK = 2γlg                                                                                                                                                     2-2                       
 
The alteration of the free energy ΔG within the particle deposition process is calculated as the 
difference between adhesion force and cohesion force. The smaller the difference, the easier 
solid nonmetallic inclusions deposit (2-3).  
 
ΔG = WA – WK                                                                                                                          2-3                                   
 
With due regard to the Young relation and the adhesion force results the correlation (2-4):  
 
ΔG = γlg (cos θ – 1)                                                                                                                    2-4                                 
 
Proves the contact angle cos θ and the surface tension of the steel melt as established, infers from 
that the deposition tendency of a particle. This occurs in case of a value of ΔG < 0 and increases 
with more negative values. [Ham88, Jan96] 
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Figure 2-5: Surface and interfacial tensions in a nonwetting system, according to Janke et al. [Jan96] 
 
According to Olson et al. when an inclusion interacts with the filter surface, the strength 
of adhesion must be great enough in order to resist the force of the flowing metal. The adhesion 
strength is a function of the interfacial energies between nonmetallic inclusion/ filter (NMI-F), 
liquid metal/ filter (LS-F) and liquid metal/ nonmetallic inclusion (NMI-LS). The change in free 
energy for separation of an inclusion from the melt to the filter wall is given as: 
 
G = NMI-F-LS-F-NMI-LS         2-5 
 
In order for the inclusion to be attached and remain fixed on the filter surface, the free 
energy must be sufficiently below zero [Ols05]. According to Uemura et al., entrapment of the 
solid nonmetallic inclusions by ceramic filters takes place in three steps, a) the solid nonmetallic 
inclusions are transported from the bulk melt to the filter surface, b) the solid nonmetallic 
inclusions are attached to the surface of the filter and c) the solid nonmetallic inclusions undergo 
solid state sintering with the filter medium. Based on a two solid globular inclusions contact 
model (the second inclusion could be also the surface of the filter) in molten steel, a vacancy will 
be generated between the two inclusions by surface tension of the steel, and the attraction force 
works on the particles. Uemura et al. underline that the “contact angle, and then, the attraction 
force does not change so much even if the filter composition changes” [Uem92].  
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Janiszewski and Kudlinski present theoretical grounds for the process of refining molten 
steel from liquid nonmetallic inclusions, using the thermodynamic precondition to the absorption 
of liquid nonmetallic inclusions on the surface of a ceramic filter. The thermodynamic 
prerequisite of spontaneous adsorption of the liquid nonmetallic inclusion by the ceramic filter 
surface has to satisfy the inequality: 
 
G = G2-G1<0                                                                                                                   2-6 
  
with G1, the energetic state of liquid steel/ liquid nonmetallic inclusion/ ceramic filter prior to 
inclusion adsorption and G2 after the inclusion adsorption by the ceramic filter. In their 
expression of G, the radius of the liquid nonmetallic inclusion before adsorption (RI), the 
interphase tension between liquid nonmetallic inclusion and liquid steel (NMI-LS), as well as the 
contact angle between the liquid nonmetallic inclusion and the ceramic filter material are 
incorporated. The authors come to the expression:  
 
G =  RI2 LNMI-LS B                                                                                                      2-7  
 
in which B is defined as a function of “angle of the filter ceramic wetting by the liquid 
nonmetallic inclusion”. Based on surface tension equilibriums, as well as on trigonometric 
dependences in function B, the contact angle between the liquid nonmetallic inclusion and the 
ceramic filter material is incorporated. When the contact angle between the liquid nonmetallic 
inclusion and the ceramic filter material lies in the range of 90° and more, G reaches values of 
less than -0.0010·10-7 J independent of the interface tension between liquid nonmetallic inclusion 
and liquid steel (LNMI-LS). Alternatively, as the radius of the liquid nonmetallic inclusion 
increases, higher values of the G are achieved, approximately -0.040·10-7 (for NMI-LS 0.3 N/m) 
up to -0.0140·10-7 J (for LNMI-LS 0.1 N/m). Also, when it comes to nonwetting (90°) between the 
liquid nonmetallic inclusion and the ceramic filter materials in case of liquid nonmetallic 
inclusions, G lies in the range of -0.004 up to -0.001·10-7 J [Jan06].  
According to Dávila-Maldonado et al. [Dav08], the filtration efficiency of ceramic foam 
filters of nonmetallic inclusions in ferrous melts is less than 75 % in the particle size range from 
1 to 100 µm. Concerning the thermomechanical requirements of filter materials and filter 
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structures; thermal shock resistance, refractoriness under load, and sufficient mechanical strength 
at temperatures > 1500 °C for the steel casting process are necessary with respect to ecological, 
as well as economical demands nowadays.  
 
 
Figure 2-6: Effect of abatement of metal flow [Drache Cerazirk Brochure] 
 
Adjustment of the metal flow and abatement from a turbulent into a laminar (or less 
turbulent) flow are further functions of ceramic foam filters (Figure 2-6). With a turbulence-free 
flow, the risk of reoxidation of the metal and the formation of cavities is minimized, resulting in 
improvement of surface quality and shorter casting times [Jau03].  
Besides the quality intensification of the casting itself, economical, as well as ecological 
improvements can be achieved, due to the application of ceramic foam filters. According to a 
case study by Apsley, the implementation of filters into the casting process leads to decreasing 
scrap- and rejection-rates, increased consumer confidence, improved output and reduced energy-, 
metal-, sand- and labor-costs. Expressed in concrete numbers, the usage of filters leads to 60 % 
less rejection, 40 % less labor costs, and at least 20 % less tool wear, based on the example of 5 
investigated non-ferrous metal foundries. Here an overall energy saving of 931 GJ for 25.4 t 
(36.7 GJ/t) of good aluminum casting has been achieved. This corresponds to a primary energy 
saving of 1530 DM/t (780 €/t). It has to be mentioned that the saving potential has been 
determined in 1996. Hence, even more pronounced positive effects are assumed to occur these 
days. [Aps96, Bro94]      
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 Filter structures and materials 2.3
There exists a variety of production techniques of filters used for molten metal filtration. 
This includes a hollow beads method, pressing of filter cores, foaming of slurries, robocasting of 
3D structures, extrusion of cellular ceramic filters and replica techniques. [Ada94, Luy09, 
Sch14] The most common filter structures are shown in Figure 2-7, in which “a” illustrates the 
structure of a filter, produced by a foaming technique. The foaming of ceramics implies the 
inserting of a gas into a ceramic slurry, which is possible in different ways. On the one hand, an 
external gas can be introduced by mechanical frothing, injection of a gas stream or by using an 
aerosol propellant. On the other hand, the respective gases can be produced in situ. Even though 
these filter types do not possess hollow filter struts, they prove to be not well suited for metal 
melt filtration, since they exhibit many closed cells. Hence, low permeability and therefore 
decreased flow rates are given. Compared to that, the struts of periodical 3D structures (Figure 
2-7b), produced via robocasting, can either be hollow or filled. In contrast to 3D printing e.g., a 
continuous rod-like filament that is patterned in a layer-by-layer sequence builds up the three 
dimensional bodies. [Sch14] For robocasting concentrated colloidal gels, the so-called inks, are 
required, which exhibit dynamic viscoelastic properties. Consequently, this method is limited to 
material compounds possessing the desired properties. However, a variety of filter structures is 
allowed to be created, which are optimized in view of metal melt filtration. The honeycomb 
filters, shown in Figure 2-7c, are generated via extrusion of viscoplastic formable bodies of 
dispersed particles in a polymer solution. This is a robust process where cell densities can easily 
be increased from 60 to 250 cells per cm² and higher. The most important filter structure for steel 
melt filtration, however, is the ceramic foam filter (CFF), presented in Figure 2-7d. 
    Hence, in course of the present work, only the replica technique patented by 
Schwartzwalder in 1963 is used. [Sch63] Therefore, state of the art polyurethane (PU) foams 
serve as a template for the replica technique, with a 10 pores per inch (ppi) macrostructure for 
steel applications (20-30 ppi for aluminum melts). During the thermal treatment, the PU foam 
softens and volatilizes. [Sag92] The foams represent a negative of the desired final structure of 
the ceramic filter, and are composed primarily of open cells with a pentagon-dodecahedronal 
geometry linked by tri-concave struts (Figure 2-8).  
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Figure 2-7: The most common filter structures are (a) a filter produced by a foaming technique, (b) a filter 
produced via robocasting, (c) honeycomb filters produced by extrusion and (d) foam filters produced by the replica 
technique 
 
After the foam structure is burned out, the hollow ceramic struts have sharp edges, which 
generate critical stress concentrations, and can consequently lead to severe loss of strength. 
[Adl03] Regarding the thermomechanical requirements, with respect to optimal casting 
temperatures, by avoiding metal melt freezing, an optimum wall thickness of approximately 
0.3 mm is required. [Ane08, Has11]  
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Figure 2-8: Foam cell with a pentagon-dodecahedronal geometry linked by triconcave struts [Jau03] 
 
Under consideration of the severe conditions during steel casting, it becomes clear that 
only a few materials are suitable for filter application. Due to its very good thermal shock 
resistance, SiC would be qualified as filter material. However, SiC possesses chemical instability 
against basic slags and melts and is thus not applicable. In contrast, Al2O3 shows chemical 
inertness, but very poor thermal shock resistance, comparable to many other oxides, except for 
ZrO2. Zirconia is the currently most common filter material for steel melt filtration. It exhibits 
sufficient thermal shock resistance and high strength to withstand the impingement of steel. Due 
to high raw material prices and high sintering temperatures, zirconia filters are very cost-
intensive. Moreover, they show pronounced creep at elevated temperatures, leading to 
deformation of the filters and thus to decreasing flow rates. Accordingly, carbon bonded alumina 
filters are becoming increasingly used by foundries, since they provide a combination of the 
positive properties of the respective components. Compared to other materials, carbon has an 
extremely high refractoriness. It is characterized by high thermal conductivity and low thermal 
expansion, resulting in high thermal shock resistance. Carbon also presents higher cold crushing 
strength (CCS) with increasing temperature (up to 2500 °C), owing to the annealing of cracks 
and structural-related errors. [Pie93] It is commonly known that carbon containing materials 
show improved creep resistance. [Ane08] According to Stephani et al., the pseudoplastic 
behavior of carbon in the Al2O3-C system leads to less influence of the density and cell size of 
the cellular structure on the mechanical properties of the filters. As a result of the short casting 
times and the low wettability of carbon, Al2O3-C filters do not have an increased pick-up of 
carbon in the filtered steel. [Ste06] For the generation of the carbon-bonds, which serve as a 
Theoretical Background 
 
 
17 
 
matrix bond between the oxide particles, pitches and resins are predominantly used in the 
refractory industry.  
 
 Novel active and reactive filter materials  2.4
The current chapter gives a basic understanding of the fundamental ideas concerning the 
development of the novel active and reactive filter materials, in course of the present work. As a 
result of the aforementioned properties, these filter materials are based on carbon bonded 
systems. Figure 2-9 illustrates the respective materials and functionalities, which will be the 
essential part of this dissertation.  
 
 
Figure 2-9: Schematic overview of the respective materials and functionalities, which will be the essential part of 
this dissertation 
 
 Active filters – activation due to high amorphous carbon amounts 2.4.1
The main task of the so-called active filters is an improved filtration performance towards 
exogenous and both primary and secondary endogenous inclusions. In order to implement this 
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idea, ceramic foam filters, based on Al2O3-C, are activated due to high amorphous (turbostratic) 
carbon amounts on the one hand, and due to the application of active oxide coatings on the other 
hand. 
In case of Al2O3-C based foam filters, activated due to high amorphous carbon amounts, 
use is made of the phenomenon of varying wetting behaviors of crystalline and amorphous 
materials. This means, amorphous materials based on the same chemical composition present a 
higher active surface, compared to crystalline materials. Regarding their wetting behavior in 
contact with slags e.g., amorphous materials possess lower contact angles accompanied by 
higher dynamic adhesion works versus that of the crystalline modification of the respective 
material. [Ane10] In the specific case of carbon, surface energies of the varying carbon types – 
amorphous carbon, graphite and carbon black – have been investigated with the aid of inverse 
gas chromatography (IGC) in detail. [Zeb08, Abr72, Pap91, Zha04] This surface free energy, 
which varies as a function of varying carbon sources, is well known for giving information about 
intermolecular interactions at interfaces and possesses direct influence on adhesion, adsorption 
and wetting behavior. [Zeb08] Therefore, different carbon sources, as well as different annealing 
temperatures, are the objects of the part activation due to high amorphous carbon amounts. It has 
to be taken into account that the term “amorphous carbon” is not quite correct. In fact, carbon, 
derived from binders possesses a turbostratic structure. [Dop14] However, “amorphous carbon” 
is the preferred term in the state of the art, wherefore it is used in the course of the present work. 
The respective carbons are described in the following.  
    
2.4.1.1 Binder – Pitch  
The most important and quantitatively most used carbon source in the present work is the 
binder pitch. Besides resins, pitches are widely used for the generation of carbon bonded 
refractories. The binder takes on the original function of ceramic bonds, by covering each oxidic 
particle and their connection over carbon necks or contact surfaces. This keeps the body together 
and controls its strength. In general, pitches are obtained by the distillation of tars, which can be 
originated from; stone coal, brown coal, mineral oil, wood and turf. Consequently, pitches are a 
very complex mixture of primarily aromatic hydrocarbons, which are mainly naphthalene, 
phenanthrene, fluoranthene, pyrene, acenaohthylene, and anthracene. The amount of all 
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components, however, is estimated at several thousands. [Wie91] This implies the essential 
disadvantage of pitches – its carcinogenicity. Benzo[a]Pyrene (BaP) is considered to be the key 
substance, which amounts to approximately 1.0-1.5 % (10,000-15,000 ppm) in pitches. 
According to the German hazardous materials regulation (TRGS 551), a labeling obligation 
comes into effect at values > 50 ppm BaP. Nevertheless, pitches are widely used, due to their 
good adhesion to both, oxides and graphite, low prices and a high yield of graphitizable residual 
carbon. This residual carbon arises as a result of the pyrolysis of the pitch. In the initial state of 
the pyrolysis, at temperatures below 400 °C, nonaromatic hydrocarbons are decomposed under 
dehydration into smaller molecules (Figure 2-10).  
 
 
Figure 2-10: Stages and occurring processes during the pyrolysis of pitches [Buc01] 
 
The following cyclization of all hydrocarbon chains takes place within the temperature 
range of 400-500 °C and is accompanied by a phase separation of the pitch. [Ham11] Liquid 
crystals, the so-called mesophase, evolve within an isotropic liquid phase. This carbonaceous 
mesophase appears as spheres, consisting of parallel aligned, polynuclear aromatic 
hydrocarbons. [Ran85] The liquid phase pyrolysis, as well as the parallel aligning of the high-
molecular crystals provide the basis for a good graphitizable carbon. Further pyrolysis leads to 
dehydration and to coalescence of the mesophase spheres at temperatures between 500-700 °C, 
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resulting in semi-coke. Up to a temperature of 1000 °C, the semi-coke is completely dehydrated 
and has lost all of the volatile components. A porous body remains, which is of anisotropic 
nature. In order to convert the semi-coke into well orientated graphite crystals, higher 
temperatures of approximately 2000 °C are needed. [Ham11]         
 
2.4.1.2 Binder – Phenolic Resin  
In contrast to pitch, phenolic resins are not graphitizable. Hence, in course of the present 
work, resins are used to generate glassy (amorphous) carbon filter surfaces. Generally, phenolic 
resins can be classified according to their way of production. In the case of a catalyzed 
polycondensation of phenol and formaldehyde under acidic conditions a novolak develops, as 
can be seen in Figure 2-11.  
 
 
Figure 2-11: Catalyzed polycondensation of phenol and formaldehyde, forming either resol or novolak [Gra84] 
 
These novolaks are, however, irrelevant for the present work. Thus, only phenolic resins 
are applied, which are synthesized in alkaline environment – so-called resol. Resol is a liquid, 
containing methylol groups (-CH2OH), which are responsible for hardening. Under the influence 
of heat, these groups form methylene bridges (Figure 2-12a), or dimethylene ether bridges 
(Figure 2-12b), accompanied by water splitting. At temperatures > 160 °C the dimethylene ether 
bridges convert into the more stable methylene bridge. 
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Figure 2-12: Hardening process of resols [Gra84] 
 
The polymerization process results in a resit lattice. The following pyrolysis under 
reducing or inert atmosphere happens – in contrast to the pyrolysis of pitches – in the solid state, 
inhibiting the alignment of structures. Already at 200 °C, the molecules start to decompose into 
H2O, H2, CO, CO2, CH4, formaldehyde and several phenol derivates. Above 1000 °C, the 
decomposition is completed. A glassy carbon lattice with only short range order remains. 
Besides sp2 bonds, some sp3 bonds can be found, which hinder further graphitization at elevated 
temperatures and contribute to the isotropic character of pyrolyzed resins.  
 
Table 2-2: A comparative summary of the properties of the respective binder derived carbons [McE85, Buc01] 
Property Pitch-carbon Resin-carbon 
Graphitizability Higher Lower 
Oxidation resistance Higher Lower 
Strength (σ, before coking) Lower Higher 
Strength (σ, after coking) Higher Lower 
Thermal expansion coefficient (α) Similar Similar 
Thermal conductivity (λ) Higher Lower 
Young´s modulus (E) Lower Higher 
Thermal shock parameter (Rst) Higher Lower 
 
Compared to pitches, the resol possesses lower residual carbon (approx. 45-50 wt%) and 
worse oxidation resistance, due to its amorphous structure. However, it is of less carcinogenicity, 
as a consequence of low amounts of toxic compounds, as well as aromatic hydrocarbons. 
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[Ham11, Ste11, Gra84, Pie93] A comparative summary of the properties of the respective binder 
derived carbons is listed in Table 2-2. 
 
2.4.1.3 Graphite 
Graphite, an allotrope of carbon, consists of parallel layers of ABAB stacking sequences 
in case of hexagonal graphite, and ABCABC sequences for rhombohedral graphite (instable 
> 1300 °C). Within the xy-plane, each carbon atom is bonded to three others, resulting in sp2-
hybridization and a series of hexagons. The covalent bonds exhibit a short length of 0.14 nm, 
accompanied by high strength of 524 kJ·mole-1. In z-direction, the atoms are connected by van 
der Waals bonds. This leads to a bonding length of 0.335 nm and strength of 7 kJ·mole-1. As a 
result, different properties possess anisotropic behavior. In Table 2-3, selected properties are 
listed according to their axial alignment. [Pie93, McE99] 
 
Table 2-3: Properties of graphite [McE99] 
Property Value 
Density (ρ) [g/cm³] 2.26 
Sublimation Point [°C] Oxidizing atmosphere     
Reducing atmosphere 
600 
3825 
Thermal expansion coefficient (α25/1000) 
[10-6/K]  
z 
xy 
28 
-1.5 
Thermal conductivity (λ) [W/(mK)] z xy 
8.2 
1740 
Young´s modulus (E) [kN/mm2] z xy 
36 
1000 
 
From the table it can be concluded that graphite possesses excellent thermal shock 
resistance and high refractoriness, due to its high sublimation point, low thermal expansion 
coefficient and a high thermal conductivity, compared to other refractory materials. Under 
oxygen atmosphere, however, graphite is very unstable. The oxidation takes place at 
approximately 600 °C and is site preferential. Thus, oxidation can be shifted towards higher 
temperatures by increasing degree of graphitization and crystallite size. [Jia00] Due to its low 
wettability by slags, as well as metal melts, graphite offers good corrosion resistance. At 
temperatures of approximately 800-1000 °C, reactions with many metals occur, resulting in the 
formation of carbides. [Pie93, Ste11]    
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2.4.1.4  Carbon black  
The formation of carbon blacks is characterized by polycondensation and dehydration of 
hydrocarbons. The resulting aromatic systems equate to that of graphite, however, they are of 
less expansion within the xy-plane. 3 to 6 of those stacks are aligned, from which spherical 
colloid particles in the nanometer range result – the so-called primary particles (Figure 2-13). 
Thereby, the degree of order increases from the inside to the outside. Due to van der Waals 
forces, these primary particles are consolidated to aggregates. Since only strong mechanical 
impact can separate the respective primary particles, these aggregates have to be defined as solid, 
colloid particles. Hence, they are the smallest dispersible unit, wherefore they have to be 
specified as the real primary particles. The aggregates exist as spherical, elliptical, linear or 
dendritical particles. In turn, aggregates form loosely consolidated agglomerates, which can be 
easily damaged by mechanical forces.  
 
 
Figure 2-13: Structure of carbon black [Sam09] 
 
Due to the absence of a long-range order of the graphite-like, turbostratic structures and 
very small particle sizes, carbon black possesses low oxidation resistance, as well as an X-ray 
amorphous character. The properties are isotropic and equate to that of glassy carbon. The 
mechanical strength of carbon black is, however, much lower. The most important reason for the 
use of carbon black in refractories is to increase the residual carbon content and to compact the 
microstructure. [Sch03, Ste11, Ulb91] 
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 Active Filters – activation due to oxide coatings 2.4.2
The ideas behind the development of oxide coated, carbon bonded filters are based on 
certain practical considerations. A first approach is the protection of the carbon bonded filter 
material against carbon pick-up by the steel melt. Especially at the early stage of the casting 
process, a pronounced carbon pick-up can be observed (Figure 2-14), due to a good miscibility 
of carbon and steel. This, in turn, depends inter alia on the type of carbon. Graphite possesses a 
better solubility in steel, compared to amorphous carbon. However, the driving force of the 
carbon pick-up is predominately traceable back to the activity gradient.  
 
 
Figure 2-14: Carbon pick-up of steel as a function of time, left [Kha11], right [Kha12] 
 
Hence, the lower the carbon content of the steel, the higher the carbon pick-up. The 
protective function of the oxide coated filters is, according to that, particularly promising for LC 
to ULC (low carbon/ ultra-low carbon) steels and longer casting durations. [Ham11, Oll00, 
Rua04]    
The second approach is the possibility of investigating varying influences of different 
oxides on the filtration behavior. Due to the application of coatings, the setting of the chemistry, 
the surface roughness, the wetting angle and the crystal system can easily be accomplished. Pure 
oxidic filter materials would not withstand the thermal shock, occurring at steel melt filtration 
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and do not possess sufficient creep resistance. With regard to the selection of the coating 
materials, oxides have been chosen, whose chemistry equates to that of typical representatives of 
nonmetallic inclusions. These are: alumina (corundum-type), magnesium aluminate spinel 
(spinel-type) and mullite (silicate-type).  
One of the most important oxides for both the ceramics industry and the present work is 
alumina (aluminum oxide, Al2O3). Alumina exists in a variety of modifications, of which only 
α-Al2O3 (mineral name corundum) is the stable modification. The other forms are the metastable 
transition oxides γ-, δ-, κ-, χ- and θ-Al2O3. Hence, in course of the present work, only α-Al2O3 is 
used as coating material, as well as filter material. This is, in particular calcined alumina, which 
can be gained out of a number of alumina-rich raw materials, such as bauxite, kaolin and clay. 
Therefore, the raw materials are converted into either alkaline or acidic solutions at temperatures 
< 200 °C and pressures > 1 MPa. Contaminations remain undissolved and can be removed, 
before aluminum hydroxide or aluminum salts are precipitated. The concluding calcination 
process at a temperature of approximately 1200 °C leads to an alumina yield of 98-99 wt%. 
Further temperature exposure of the calcined alumina in rotary furnaces at nearly 1900 °C leads 
to the formation of sintered alumina. These crystals exhibit a tabular habitus. The melting of 
alumina with the aid of electro arc furnaces, however, leads to so-called fused alumina. 
According to their origin, fused aluminas are classified into special fused alumina (white 
aluminum oxide) – based on calcined alumina, and regular fused alumina (brown aluminum 
oxide) – based on Bayer alumina. The α-Al2O3 crystalizes in the trigonal system with an ABAB 
layer sequence. The lattice parameters amount to a = 0.475 nm and c = 1.3 nm. [Poh98, Sch99, 
Pet91] 
 The second coating material equates chemically to inclusions, based on the spinel-type. 
In general, spinels are compounds of two metal oxides, in which one metal ion possesses two 
valences and the other metal ion three. Amongst all available spinels, magnesium aluminate 
spinel (MgO·Al2O3, MgAl2O4) is the most important representative. The production process of 
the sintered spinels is comparable to that of sintered alumina, except for the used raw materials. 
In case of spinel, these are alumina and magnesia with a preferably low impurity content of SiO2 
and CaO. As can be seen in Figure 2-15, the stoichiometric spinel consists of approximately 
72 wt% Al2O3 and 28 wt% MgO and comprises the highest melting point within the pure spinel 
system, resulting in high refractoriness. However, the content of Al2O3 and MgO forming spinel 
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can vary between 65 wt% Al2O3 (magnesia-rich spinel) and 90 wt% Al2O3 (alumina-rich spinel). 
[Poh98] The spinel possesses a cubic crystal structure with the lattice parameter a = 0.81 nm. 
[Sic99]  
 
 
Figure 2-15: Phase diagram for the system MgO-Al2O3 
 
The third oxidic coating material corresponds to a typical and widespread representative 
of the silica inclusions type – the mullite. Mullite is the only stable compound in the binary 
system Al2O3-SiO2, forming a mixed crystal of the “stoichiometrical” composition 3Al2O3·2SiO2 
(≈ 72 wt% Al2O3), as can be seen in Figure 2-16. It can rarely be found in nature, wherefore it 
commonly is synthesized by a solid state reaction based on the raw materials sillimanite, 
andalusite and cyanite (Al2O3·SiO2), resulting in so-called sinter-mullite. The synthesis via liquid 
state, however, leads to fused-mullites, which possess the general formula 2Al2O3·SiO2 
(≈ 78 wt% Al2O3). The various types of mullite have a melting point of 1850 °C with an eutectic 
point at 1840 °C. Depending on the type of mullite, the lattice parameters of the orthorhombic 
crystals differ from a = 0.7553 nm, b = 0.7686 nm and c = 0.28864 nm for the 3/2-mullite, to 
a = 0.7588 nm, b = 0.7688 nm and c = 0.28895 nm in case of the 2/1-mullite. [Pet94, Rou01, 
Krö78, Sch07] 
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Figure 2-16: Phase diagram for the system SiO2-Al2O3 
 
Finally, a selection of the most important properties, with regard to the present work, is 
given in Table 2-4. It has to be mentioned that the values, derived from various literature, are 
only supposed to point out the trends in principle, due to their manifold influencing parameters. 
It is apparent that the respective coating materials possess efficient refractoriness, enabling their 
application with steel contact. However, as a consequence of high coefficients of thermal 
expansion (CTE) and low thermal conductivities, compared to carbon (especially graphite, as 
shown in Table 2-3), reduced thermal shock resistance exists, as previously described. Thus, 
these materials are only suited for their application as thin (approx. 50 µm) coatings. 
 
Table 2-4: Properties of the respective coating materials [Sal07, Buh96, Bre03, Rou01] 
Property  Alumina Spinel Mullite 
Density (ρ) [g/cm³] 3.99 3.58 3.16 
Melting Point (t) [°C] 2050 2135 1840 
Coefficient of thermal expansion (α20-1000 °C) [10-6/K] 8.0 8.5 4.5 
Thermal conductivity (λ100 °C/ 1000 °C) [W/(mK)] 30.1 6.1 
15.1 
5.9 
9.3 
5.0 
Bending strength (σb)  [N/mm2] 410 390 120 
Young´s modulus (E) [kN/mm2] 400 370 150 
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 Reactive filters 2.4.3
The main task of the reactive filters is the reduction of the dissolved oxygen in steel 
melts. On the one hand, if steel is casted into molds, the oxygen enriches in the molten phase 
during solidification, resulting in a porous casting. On the other hand, the oxygen is required to 
generate tertiary, as well as quaternary inclusions below liquidus temperature, as described in 
chapter 2.1. [Ali85, Ovt02] Hence, oxygen possesses detrimental influence on the properties of 
steel, as is shown in Figure 2-17.  
 
 
Figure 2-17: Relation between fatigue life and oxygen content of bearing steels [Zha03] 
 
In order to reduce this dissolved oxygen and to improve the final properties of the steel, 
reactive filters are to be developed in course of the present work, which are based on a work by 
Najafabadi et al. [Naj96] These authors deoxidized an iron melt by immersing a porous MgO-C 
tube. It was found that both the Mg vapor generated by the carbothermal reduction of MgO (2-8) 
and the C (2-9) contributed to deoxidation. The secondary MgO, which has been formed by the 
reaction of the gaseous Mg and the dissolved O (2-10) was either attached on the tube or floated 
up to the free surface of the melt. The gaseous product CO could have been easily removed from 
the melt.   
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MgO(s) + C(s) = Mg(g) + CO(g)           2-8 
 
C(s) or C(diss.) + O(diss.) = CO(g)        2-9 
 
Mg(g) + O(diss.) = MgO(s)            2-10 
 
Besides the reactions 2-8 and 2-9, the carbon near the tube-surface was consumed by the 
dissolution into the melt (2-11) 
 
C(s) = C(diss.)                        2-11 
 
Moreover, they found that the MgO of the crucible was a possible oxygen supplier to the 
melt in a low oxygen content range preventing the final oxygen content from decreasing to less 
than 20 ppm. Finally the comparison of the MgO-C with Al2O3-C has shown that the deoxidizer 
supply of MgO-C was much larger. Accordingly, the reactive filter development in the present 
work is based on the system MgO-C. For this purpose, the same carbon sources (pitch, graphite, 
carbon black) are to be used as for the active Al2O3-C filter materials. The Al2O3, however, is 
completely substituted by MgO. Comparable to the aforementioned oxides, magnesia exists in a 
sintered or fused version. In most cases it is derived from magnesite (MgCO3), dolomite 
MgCa(CO3)2 or magnesium chloride (MgCl2). As can be seen in Table 2-5, MgO possesses very 
high refractoriness, but also a very high CTE. Since this is resulting in comparably low thermal 
shock resistance, MgO is often used in combination with carbon, even though it can be 
carbothermally reduced at elevated temperatures (> 1450 °C). This effect is strongly dependant 
on the atmosphere, the respective partial pressures and the ambient pressure. Due to its basic 
(alkaline) character, it is very stable against basic slags, but instable against acidic media. In the 
presence of water, MgO is hydrated, which leads to the formation of brucite (Mg(OH)2) and is 
accompanied by a volume expansion of approximately 30 vol%. By varying the type of 
magnesia (sintered or fused), the particle size and porosity it is possible to control the hydration 
to slow rates. Magnesia exhibits a cubic crystal system with the lattice parameter a = 0.421 nm. 
[Can85, Ham11, Rou01, Sal07]    
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Table 2-5: Properties of Magnesia (Type MgO > 90 %) [Bre03, Buh96] 
Property Value 
Density (ρ) [g/cm³] 3.58 
Melting Point (t) [°C] 2840 
Bending strength (σb) [N/mm2] 8-50 
Coefficient of thermal expansion (α20/1000) [10-6/K]  14.0 
Thermal conductivity (λ100 °C/ 1000 °C) [W/(mK)]  37.7 7.1 
Young´s modulus (E) [GN/m2] 310 
 
 Investigation of combined active and reactive filters  2.4.4
Even though carbon bonded systems exhibit negligible creep, due to the high amount of 
carbon, the flow rate might suffer from shrinkage of the filter material, because coking and 
pyrolysis processes proceed at the casting temperature. The combination of filter materials 
Al2O3-C and MgO-C could lead to the in situ formation of spinel, resulting in a volume 
expansion that counteracts the shrinkage caused by casting. According to numerous authors, 
[Maz02, Bav09, Tri10, Sai04] this volume expansion amounts to 5 %, a value derived from 
Rigby et al. in 1946. [Rig46] According to Sako et al., however, the calculation of the volumetric 
expansion as a function of the respective densities results in 8.1 % in case of stoichiometric 
spinel. [Sak12] The mechanism of the in situ spinel formation, starting at approximately 1000 °C 
[Bav09, Bav08], has been described by Wagner for the first time. [Wag36] This mechanism is 
based on inter-diffusion of Al3+ and Mg2+ ions inside the O2- lattice (Figure 2-18). It can be noted 
that the largest amount of spinel formation occurs at the alumina side, in order to satisfy the 
electroneutrality requirement. If one reactant possesses a faster diffusion velocity than the other, 
the Kirkendall effect occurs, resulting in the development of pores, which lead to even higher 
volume expansion. [Smi47] The improved corrosion and thermal shock resistance, as a 
consequence of the in situ spinel formation, could lead to a very promising material for steel melt 
filtration, with combined reactive, as well as active properties. [Das95, Aks03] 
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Figure 2-18: Inter-diffusion process, according to the mechanism proposed by Wagner [Wag36, Gan13] 
 
 Steel  2.5
Before concluding this chapter, it is worthwhile to provide some fundamental information 
about steel – the material around whose improvement everything revolves. Steel is generally 
understood as a material whose mass fraction of iron (Fe) is larger than that of every other 
element. According to DIN EN 10020, the carbon content of steels is limited to 2 %. Higher 
carbon contents lead to so-called cast iron (Figure 2-19). 
 
 
Figure 2-19: Phase diagram for the system Fe-C [Fed14] 
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There exists a variety of ways to classify the more than 2500 steels available. With 
respect to their chemical composition, steels are subdivided into three main quality grades: 
 unalloyed steels 
o base steels 
o unalloyed quality steels 
o unalloyed special steels 
 stainless steels 
 other alloyed steels 
o alloyed quality steels 
 low-alloyed steels 
 high-alloyed steels 
o alloyed special steels 
 low-alloyed steels 
 high-alloyed steels 
Steels are unalloyed, if none of the limit values, summarized in Table 2-6, is reached.  
 
Table 2-6: List of limit values for steel classification [Ble09] 
Al B Bi Co Cr Cu La Mn Mo Nb Ni Pb Se Si Te Ti V W Zr [wt%] 
0.3 0.0008 0.1 0.3 0.3 0.4 0.1 1.65 0.08 0.06 0.3 0.4 0.1 0.6 0.1 0.05 0.1 0.3 0.05 
 
In case of exceeding at least one of the limit values, steels are classified as alloyed steels. 
Amounts the mass of at least one of these elements to > 5 wt%, then it is an high-alloyed steel. In 
case of an amount of ≥ 10.5 wt% chrome (Cr) and ≤ 1.2 wt% carbon in the steel, steel is declared 
as a stainless steel. The difference between quality and special steels lies in the higher purity of 
the special steels. [Hos12, Ble09] 
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3 Experimental 
 Raw materials 3.1
 Carbon sources 3.1.1
The newly developed and characterized compositions of the present work offer 
innovative approaches for the manufacturing of carbon bonded filter materials since the 
established binder system for carbon bonded filters, based on Rauxolit® (Rütgers, Germany), is 
no longer produced. As a consequence of its low volatile content, the carcinogenic effect of 
Carbores® P is negligible, compared to other pitches (Carbores® P has approximately 3 % of the 
toxic potential of usual pitches). It is also characterized by a softening point higher than 200 °C, 
and a residual carbon content up to 85 %. The softening of the pitch during the thermal 
treatment, its easy dispersion in water and a high carbon yield that forms a high amount of 
crystalline material after pyrolysis at temperatures above 1000 °C, provide major advantages in 
manufacturing of carbon bonded filter structures. In order to provide a residual carbon content of 
approximately 30 wt% after coking and a multimodal particle size distribution, resulting in 
higher packing densities, both graphite and carbon black were added. A selection of important 
properties is listed in Table 3-1. 
 
Table 3-1: Properties of the used, powdery carbon sources 
 Pitch Graphite Carbon black 
Type Carbores® P AF 96/97 MT N991 
Supplier Rütgers Kropfmühl Lehmann & Voss 
Content in wt% 
Residual carbon ≈ 85 96.7 ≥ 99 
Ash -  > 0.01 
Particle size in µm 
d10 12.5 3.6 
Primary particle 
size 200-500 nm d50 32.1 9.7 
d90 108.9 24.7 
 
For the generation of high isotropic carbon amounts, a phenolic resin of the type 
Bakelite® PF 0435 FW 01 (Momentive, Germany) was used. The liquid binder possesses a 
dynamic viscosity of 750 ± 150 mPas at 20 °C and about 73.5 ± 1.5 % nonvolatile components. 
Due to its good water dilutability of 10:10000, the resol is adequate to be adjusted for the 
spraying process. 
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 Oxides for filters 3.1.2
The carbon bonded filter materials, besides the 30 wt% carbon, are supposed to consist of 
approximately 70 wt% of oxides, after the thermal treatment. For the preparation of the Al2O3-C, 
the MgO-C, as well as the MgAl2O4-C filters, the oxides, shown in Table 3-2, have been used. 
From this it follows that the average particle size of magnesia is significantly higher, than that of 
alumina. The reason for this is the pronounced liability of magnesia to hydrate, which decreases 
with increasing particle size. Thus, in order to ensure the workability of the water based slurries, 
large MgO particles were chosen. For the evaluation of possible influencing factors concerning 
the spinelization of MgAl2O4-C filters, two different alumina particle size distributions were 
applied. 
 
Table 3-2: Properties of the used oxides for the filter materials  
 Al2O3 MgO 
Type Martoxid MR70 FM 97.3 
Supplier Martinswerk Refratechnik 
Oxide content in wt% 
Al2O3 99.8 (≥ 95 α-Al2O3) 0.13 
MgO 0.06 97.0 
Na2O ≤ 0.1 n/a 
CaO 0.02 1.42 
Fe2O3 0.02 0.63 
SiO2 0.08 0.61 
  Finer Coarser  
Particle size in µm 
d10 0.41 0.38 0.74 
d50 0.79 0.91 17.47 
d90 1.59 7.59 98.94 
 
 Oxides for coatings 3.1.3
The functionalization of carbon bonded alumina filters was accomplished by cold applied 
coatings, based on alumina, spinel and mullite. The used oxides for the active filters are specified 
in Table 3-3. In order to keep the influence of the respective oxides on various properties to a 
minimum, the particle size distributions were as similar as possible (see Figure 7-3). 
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Table 3-3: Properties of the used oxides for the oxidic, active coatings 
 Alumina Spinel Mullite 
Type CL 370 AR 78 M 72 
Supplier Martinswerk Almatis Nabaltec 
Oxide content in wt% 
Al2O3 99.7 ≥ 74 71-73 
MgO - 22.5 ≤ 0.10 
Na2O 0.10 0.09 ≤ 0.30 
CaO 0.02 0.24 ≤ 0.10 
Fe2O3 0.03 0.15 ≤ 0.40 
SiO2 0.03 0.10 25-27 
Particle size in µm 
d10 0.17 0.30 0.37 
d50 1.44 2.14 4.40 
d90            6.76 11.87 16.73 
 
 Additives 3.1.4
The used additives are listed in Table 3-4. These are essential for the generation of water 
based slurries, particularly in case of carbon containing systems, due to its nonwetting properties. 
With the aid of the additives, the dynamic viscosity can be decreased at constant weight per cent 
and pores, which arise during slurry preparation, can be easily removed. Moreover, they provide 
sufficient strength for the manageability of the filters in the green state.  
 
Table 3-4: Overview of the used additives 
 Ammonialignin-
sulfonate 
Polypropylen-
glycol Polycarboxylate 
Alkylpolyalkylene- 
glycolether 
Type T11B PPG P400 VP 95 L Contraspum K 1012 
Supplier Otto-Dille Sigma-Aldrich BASF Zschimmer & Schwarz 
Appearance  Powder Liquid Liquid Liquid 
Function Surfactant, temporary binder Wetting agent 
Dispersing 
agent Antifoam 
 
 Sample preparation 3.2
The carbon bonded filters were manufactured according to the Schwartzwalder process 
(replica technique) in two steps. First, a highly viscous impregnating slurry was prepared in a 
high shear Hobbart-type mixer (ToniTechnik, Germany). In the beginning, the respective powder 
mixtures were dry mixed for 5 minutes in the mixer. After this step, the additives were dispersed 
in deionized water and then added to the powder mixture, followed by further additions of 
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deionized water until a plastic mass was formed. This mass was kneaded for additional 5 
minutes. This led to better homogenization and destroyed any agglomerates by shear force. 
Further additions of deionized water were made, while measuring the viscosity (by means of a 
hand viscometer Haake, Germany), until a value of approximately 600 mPas was obtained.  
The resulting slurry was subsequently used to impregnate PU foamblocks 
(50·50·20 mm³). The slurry was hand-pressed into the PU foam to ensure a complete coating of 
the polyurethane skeleton. In order to create the first coating on the polyurethane skeleton, it was 
necessary to remove excess impregnating slurry. Therefore, each PU foamblock (filled with 
slurry) was pressed through a roll-pressing device that consisted of two counter rotating rolls 
with a diameter of 44 mm. The gap between the rolls was 4 mm and the rotation speed of them 
was 60 revolutions/ min.  
Subsequently, the impregnated foams were dried for 12 h at 25 or 40 °C to a constant 
weight. During this process step, the generation of unfavorable defects, due to the relaxation of 
the squeezed foam and drying, were observed in the filters. Note that the desired thickness of the 
ceramic coating was not easily adjusted under normal processing conditions. Thus, a further step 
– the spraying of a second ceramic layer – had to be accomplished. Spraying of the dried foams 
was carried out in a spraying chamber.  
A spray gun SATAjet B (Sata, Germany), with a nozzle diameter of 1.4 mm and a 
spraying pressure of 3 bar was used. The distance between the nozzle and filter was kept 
constant at approximately 10 cm. The spraying took place on all 6 sides of the filter. The largest 
sides, in regard to the surface area, were sprayed for 3 s; and the smaller dimensioned sides, for 
about 1 s, resulting in a wet filter weight of 26 g. The sprayed samples were subsequently dried 
again at 25 °C or 40 °C, for 12 h and reweighed.  
The dried filter was thermally treated by a pyrolysis process, shown in Figure 3-1, which 
took place in retorts filled with calcined petcoke (Müco, Germany), having a particle size 
between 0.2-2.0 mm. The final temperature of 800 °C was reached with a heating rate of 
1 K/min and a holding time of 180 min. Additional holding time steps of 30 min were adopted 
every 100 °C, after which the samples being thermally treated were allowed to cool down inside 
the oven.  
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Figure 3-1: Firing curves for the pyrolysis processes of the respective carbon bonded filter materials 
 
The activation, due to amorphous carbon with the aid of varying temperatures (800 °C or 
1400 °C) has been accomplished according to the firing curves, diagrammed in Figure 3-1. The 
elevated temperature was reached due to an additional heating with 3 K/min and a concluding 
holding time of 5 h.  
 
Table 3-5: Compositions for the development and investigation of Al2O3-C filters 
 
 AC2 AC3 AC5 AC8 AC7 AC9 AC9a AC10 
Al
2
O
3
 Martoxid MR 70 [%] 68 67 66 61 65 64 64 62,5 
Carbores
®
 P 10 15 20 20 25 30 30 37.5 
Graphite AF 96/97 12.1 9.9 7.7 7.7 5.5 3.3 3.3 - 
Carbon black MT N-991 9.9 8.1 6.3 6.3 4.5 2.7 2.7 - 
Submicronsilica 995 - - - 5 - - - - 
Additives [%] *  
Ligninsulfonate T11B 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
PPG P400 0.8 0.8 0.8 0.8 0.8 0.8 0.0 0.8 
Castament VP 95 L 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Contraspum K 1012 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Total solid content [%]         
Impregnating slurry 81.7 82.3 83.0 77.2 84.4 85.7 85.7 86.4 
Spraying slurry 74.1 76.1 75.6 70.9 77.4 79.1 79.1 78.5 
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The compositions for the development of the active filters, based on Al2O3-C, are shown 
in Table 3-5. The optimum content of additives has preliminary been evaluated with regard to 
their fluidizing function. The nomenclature consists of the letters A = alumina and C = carbon 
and a serial numbering. Since not every composition is under consideration in course of the 
present work, the numbering is discontinuous.  
For the activation, due to amorphous carbon with the aid of varying binders a resin-
water-emulsion of the ratio 5:1 has been produced. This was applied by a cold spraying process 
on carbon bonded alumina filters, which were either thermally pretreated, or in the green state. 
The coating mass amounted to 5 g and was dried at room temperature. The final pyrolysis at 
800 °C was accomplished according to the firing curve, shown in Figure 3-1. 
 
Table 3-6: Compositions of the oxidic coating for the development and investigation of active oxide coated filters 
  
In case of the activation of the filters due to the application of an oxide coating, the aim 
of the process was to coat the Al2O3-C filters by the sprayed slurry, up to a filter weight of 
approximately 28 g in the wet condition. The respective slurries are listed in Table 3-6. The 
sprayed samples were dried at room temperature. In order to detect the influence of a thermal 
pretreatment on the sintering behavior of the coatings onto the substrate, thermally pretreated 
filters, as well as filters in the green state, were spray-coated. Concluding, the samples were fired 
at 1400 °C, according to the firing curves, shown in Figure 3-2. 
 Alumina coating Spinel coating Mullite coating 
Alumina CL 370 [%] 100 - - 
Spinel AR 78 - 100 - 
Mullite SYMULOX M 72 K0 - - 100 
Additives [%] *  
Ligninsulfonate T11B 1.5 1.5 1.5 
Castament VP 95 L 0.3 0.3 0.3 
Contraspum K 1012 0.1 0.1 0.1 
Total solid content [%]    
Spraying slurry 65.0 65.0 65.0 
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Figure 3-2: Firing curves for the respective active, oxide coated filters 
 
The reactive filters, based on MgO-C, were also prepared according to the replica 
technique, as already described. Table 3-7 illustrates the respective impregnating, as well as 
spraying slurries. The nomenclature is analogous to the Al2O3-C filters, whereby M = magnesia 
and the numbering is serial. In contrast to the Al2O3-C filters, however, a combination of both 
materials was tested. The spraying slurry and thus the surface of the filters has always been 
based on MgO-C, see Table 3-8. 
 
Table 3-7: Compositions for the development and investigation of MgO-C filters 
 AC5 AC9 MC1 MC2 MC3 
Al
2
O
3
 [%] 66 64 - - - 
MgO - - 66 64 63 
Carbores
®
 P 20.0 30.0 20.0 30.0 35.0 
Graphite 7.7 3.3 7.7 3.3 1.1 
Carbon black 6.3 2.7 6.3 2.7 0.9 
Additives [%] *   
Ligninsulfonate T11B 1.5 1.5 1.5 1.5 1.5 
Castament VP 95 L 0.3 0.3 0.3 0.3 0.3 
Contraspum K 1012 0.1 0.1 0.1 0.1 0.1 
Total solid content [%]      
Impregnating slurry 82.0 83.3 75.5 75.1 - 
Spraying slurry - - 63.7 68.0 70.8 
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Table 3-8: Layer compositions for the development of MgO-C filters 
Combination 
Impregnating slurry 
(approx. 50 wt% of the filter) 
Spraying slurry 
(approx. 50 wt% of the filter) 
MC1MC1 MC1 MC1 
MC2MC2 MC2 MC2 
AC5MC1 AC5 MC1 
AC5MC2 AC5 MC2 
AC5MC3 AC5 MC3 
AC9MC2 AC9 MC2 
 
Concerning the respective filter types, the different compositions for the combined active 
and reactive, spinel forming filters are terminatory listed in Table 3-9. For the possibility of 
evaluating various influencing factors, sample bars have been produced with the aid of uniaxial 
pressing. Due to the pronounced requirements regarding thermomechanical properties of filters 
for steel melt filtration, only carbon containing systems were used for filter development. The 
applied nomenclature implies; SS = stoichiometric spinel, AR = alumina-rich spinel, which is on 
the basis of the respective A/M ratio. The filters were also produced via the replica technique and 
thermally treated at 800 °C.  
 
Table 3-9: Compositions for the development and investigation of the combined MgO-Al2O3-C materials 
 Sample bars 
Filter compositions  
 SS-C SS-C fine AR-C AR-C fine SS AR 
Al
2
O
3
 fine or coarse [%] 47.3 47.3 51.5 51.5 71.7 78.0 
MgO 18.7 18.7 14.5 14.5 28.3 22.0 
Carbores
®
 P 20.0 20.0 20.0 20.0 0.0 0.0 
Graphite 7.7 7.7 7.7 7.7 0.0 0.0 
Carbon black 6.3 6.3 6.3 6.3 0.0 0.0 
Additives [%] *   
Ligninsulfonate T11B 1.5 1.5 1.5 1.5 1.5 1.5 
Castament VP 95 L 0.3 0.3 0.3 0.3 0.3 0.3 
Contraspum K 1012 0.1 0.1 0.1 0.1 0.1 0.1 
Total solid content [%]       
Impregnating slurry 80.0 80.0 80.0 80.0 - - 
Spraying slurry 70.0 70.0 70.0 70.0 - - 
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 Test methods 3.3
 Rheological behavior 3.3.1
The rheological behavior of the slurries was measured, using a rheometer RheoStress RS 
150 (Haake, Germany). For the measurement of the flow curves, a coaxial cylinder measuring 
system of the type B11011 Z10 DIN Ti was used. The flow behavior was determined by 
measuring the viscosity and shear stress during variations of the shear rate. This was changed 
linearly from 0.1-1000 s-1, and was kept at this level for 90 s before it was reduced with the same 
rate to the initial 0.1 s-1 value. A shear rate of 1000 s-1 is cited as a common value achieved 
during the spraying process. [Fis09] 
 
 Carbon content 3.3.2
In order to verify direct influences of different parameters on the total carbon content and 
on the varying carbon sources, qualitative and quantitative determinations were measured using 
two analysis methods. 
With the aid of the carbon analyzer type “vario MICRO cube” (Elementar, Germany), the 
samples were examined according to their quantitative carbon content. For these measurements 
the samples had to be ground using a mortar and pestle to guarantee a certain particle size and 
homogenous samples. For the measurement, approximately 2 mg of the material were weighed 
in tin caps and burned at 1150 °C in an oxidizing atmosphere.  The change in thermal 
conductivity of the gas was detected and from this, the total carbon content was calculated.  
With the aid of the high-temperature furnace LHT 04/16 SW (Nabertherm, Germany), 
equipped with a precision scale, the carbon content was investigated. Due to the measurement 
principle, based on thermogravimetric analysis (TGA), the quantitative amount of residual 
carbon, as well a distinction between the respective carbon modifications, can be made. 
Therefore, complete filters were heated under air up to 1000 °C with a heating rate of 1 K/min, 
in order to ensure thorough oxidation of the carbon. 
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 Open porosity  3.3.3
The open porosities of the struts of the coked substrate materials, as well as the sintered 
coating materials were measured with the aid of mercury intrusion porosimeter Pascal 140/440 
(Porotec, Germany).  
 
 Cold crushing strength 3.3.4
The cold crushing strength (CCS) was determined on a universal testing machine TT 
2420 (TIRA GmbH, Germany), using a 20kN pressure cell. The displacement speed was 
3 mm/min until a counteracting force of 5 N was reached. At this load, the displacement speed 
was changed to 1 N/mm²/s. The experiment was terminated when a strength loss of 80 % was 
reached. 
 
 Young's modulus of elasticity  3.3.5
Young's modulus of elasticity (E) was determined by impulse excitation technique. 
Therefore, a rectangular bar is excited by a projectile. For the calculation of the stress conditions 
in case of the oxide coated filters, bars of 7·7·70 mm³, consisting of either the coating materials 
or substrate material, were pressed uniaxially. Concerning the influence of varying carbon types 
on the Young´s modulus, filters of 20·50·150 mm³ were tested. Due to the excitation, the sample 
oscillates and the frequency of this oscillation is measured by a microphone. Via fast Fourier 
transformation the time dependent signal is converted into a frequency spectrum. The flexural 
and torsional frequencies were measured in order to obtain Young's modulus of elasticity as well 
as Poisson's ratio at room temperature. 
 
 Microstructure, phase evaluation, reactive functionality and filtration behavior 3.3.6
The microstructural phase evaluation of coked, as well as tested filters was carried out by 
means of scanning electron microscopy (SEM), with the implementation of electron backscatter 
diffraction analyses (EBSD) in combination with energy dispersive X-ray spectroscopy (EDS). 
In case of the determination of the reactive functionality, a metallographic preparation process 
would destroy the structure of in situ formed nanoscaled shapes. Therefore, the EBSD phase 
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analysis was carried out on fracture surfaces without further preparation. Due to the roughness of 
a fracture surface, EBSD is only possible in areas where the proper geometrical conditions for 
EBSD are given. The second precondition is a complete set of all possible phases and their 
lattice parameters. For the investigation of the filtration behavior, filters were embedded in resin 
and polished with 1 µm particles, in order to be able to distinguish between filter and trapped 
nonmetallic inclusions. The investigations were carried out in the scanning electron microscopes 
Philips ESEM and Philips XL30 equipped with an EBSD system TSL from Edax/Ametek. 
 
 Variation amorphous-crystalline carbon and in situ spinelization 3.3.7
The X-ray diffraction measurements, concerning the evaluation of varying carbon 
modifications, were done using a URD63 diffractometer (Seifert, FPM, Freiberg, Germany). The 
goniometer working in conventional parafocusing Bragg-Brentano geometry was equipped with 
a graphite monochromator in the diffracted beam. The diffraction patterns were recorded in 
angular interval 15°-140°, with the step of 0.04° and a time of 15 seconds per step. The XRD 
experiments were performed using filtered CuKα radiation (λ = 0.15418 nm). 
To obtain detailed information on the microstructure and real structure of crystalline 
phases (Al2O3 and graphite) present in the samples, measured diffraction patterns were refined 
using the full powder pattern refinement method. For the Rietveld refinement, the computer 
program Maud was used. The microstructural parameters, namely the mean cluster sizes La, Lc, 
lattice parameters a, c, and mean square atomic displacements <ua2> and <uc2>, of high melting 
coal-tar pitch – Carbores® P and carbon black, which both yield the turbostratic structure, were 
refined using an own computer code based on the Warren-Bodenstein approach. 
For the determination of the degree of in situ spinel formation, the diffractometer 
PANalytical X'Pert PRO MPD 3040/60 (Panalytical, Netherlands) was used. In this case, the 
diffraction patterns were recorded within 15°-140°, with steps of 0.013° and a time of 30 seconds 
per step. 
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 Strain-shrinkage behavior of filter, coating and in situ spinelization 3.3.8
For the characterization of the shrinkage behavior of the oxide coatings, the dilatometer 
DIL 402 C (Netzsch, Germany) was used. The coated, as well as uncoated filterbars, were of the 
size 5·5·20 mm³. Except for the coating, the filter substrates were precoked at 800 °C in reducing 
atmosphere. Under argon atmosphere, the coatings were sintered within the equipment at 
1400 °C. Both the heating and the cooling rate amounted to 5 K/min. Moreover, the dilatometer 
was used for the evaluation of the in situ spinel formation, in case of the combined reactive and 
active filters. Therefore the powder mixtures were hand-pressed with 40 MPa, resulting in bars 
of 5·5·20 mm³. Here, too, a thermal pretreatment at 800 °C was accomplished. The bars were 
tested within the dilatometer under the same conditions as for the testing of the coatings.  
 
 Strut thickness distribution and coating thickness  3.3.9
In order to detect the strut thickness distribution, as well as the coating thickness, foams 
were analyzed using a microfocus X-ray computer tomograph CT-ALPHA (ProCon X-Ray, 
Germany) equipped with a 160 kV X-ray source and a C7942SK-05 detector (Hamamatsu, 
Japan) with 2024·2024 active pixels. Measurements were made at 155 kV, and the received 
cubic pixel (voxel) had a size of 65·65·65 µm³.  
 
 Surface roughness 3.3.10
With the aid of the digital microscope VHX-2000 (Keyence, Japan), the surface 
roughness of the filters was determined. The digital operating mode of this light microscope, 
allowed a contact-free measurement even at the struts of the filters. 
 
 Particle movement and agglomeration 3.3.11
The confocal laser scanning microscope (CLSM), 1LM21H/SVF17SP (Lasertec, Japan) 
was used for the observation of particle movement in steel melts in real-time. The CLSM was 
equipped with a gold coated high-temperature furnace chamber in which a halogen lamp 
(1.5 kW) was installed at the bottom. For the in situ observation a He-Ne laser was used. With 
the aid of a molecular vacuum pump, the chamber had been evacuated to 2-4 kPa before argon 
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gas 5.0 was introduced. The evacuation/ argon filling procedure was repeated for 3 times in order 
to ensure a clean atmosphere. The observed inclusion behavior was displayed on a CCT camera 
with a rate of 20 frames per second. The used resolution of the CSLM was 0.5 µm in the range of 
the minimum size of detectable particles on steel melts. The steel sample based on 
X15CrNiSi25.20 was machined into a disc (diameter: 10 mm, height: 0.6 mm), mirror polished, 
and set into a high purity alumina crucible (12 mm inner diameter, 5.5 mm inner height). The 
sample and crucible were installed at one focal point of the ellipsoidal furnace chamber. The 
sample was heated to its melting point by the halogen lamp at a temperature control. During the 
transformation of the sample in the liquid state the heating rate was 30 K/min. For the 
experimental evaluation two maximum temperatures were taken under observation, 1470 and 
1515 °C respectively. Grains with a particle size of 50 to 70 µm, consisting of either Al2O3 
(tabular alumina T 60/64, Almatis, Germany) or MgAl2O4 (alumina-rich spinel AR 78, Almatis, 
Germany) served as exogenous particles. These grains have been placed on the top of the steel 
disc and stayed partially immersed after the steel sample was melted. 
 
 Thermal shock resistance and permeability  3.3.12
The so-called impingement test has been accomplished in order to verify the applicability 
of the newly developed filter materials. Within this test, the cold filters (18 °C) are impinged 
with approx. 6 kg of steel melt (1670 °C) with a drop height of 30 cm, to evaluate their thermal 
shock resistance, as well as their permeability. Therefore, filters 50·50·20 mm³ in size have been 
cemented into the bottom side of a sand mold. 
 
 Reactive functionality and in situ spinelization 3.3.13
For the evaluation of the reactive functionality of the new developed reactive carbon 
bonded MgO filters a new metal-casting simulator of Systec (Germany) was used. The 
experimental setup including the filters before and after dipping is schematically illustrated in 
Figure 3-3. The complete test for this contribution took place under fully-controlled argon 
atmosphere. Approximately 30 kg of commercially available 42CrMo4 steel in bars was placed 
in an alumina/spinel melting crucible. A 10 ppi prismatic carbon bonded filter, based on the 
template geometry 130·25·25 mm³, was fixed at a special sample holder in a gas tight sewer port 
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above the melting crucible. After evacuation, the sample was inserted in the steel melt and 
rotated with 30 revolutions per minute for 30 s at approximately 1670 °C. The oxygen content 
and the temperature of the steel melt were measured in situ with a pO2/T-sensor-system from 
Heraeus Electro-Nite Celox III after melting (the melting procedure lasted approximately 15 min 
with an inductive power of 120 AV). In each evaluation test three prismatic samples based on the 
reactive carbon bonded MgO filter AC9MC2 were dipped in the steel melt. The chemical 
analysis of the steel before and after finishing the test was measured with the aid of spark source 
spectrography. 
 
 
Figure 3-3: Experimental setup for the evaluation of the reactive functionality of the reactive carbon bonded MgO 
filters 
 
 Industrial trials 3.3.14
In order to detect a possible dependency of the chemistry of varying filter materials on 
the deposition of nonmetallic inclusions in steel melt filtration, and their applicability under 
industrial conditions, different ceramic foam filters, shown in Table 3-10, have been tested. All 
tested filters were of the size 70·70·20 mm³ and had a pore size of 10 ppi.  
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Table 3-10: Tested functionalized filters, as well as contaminating filters 
Filter 
properties 
Functionalized 
filter to be tested 
Contaminating filter with 
alumina inclusions 
Functionalized 
filter to be tested 
Contaminating filter with 
spinel inclusions 
Filter type AC9MC2 Al2O3-C AC9MC2 Al2O3-C 
Mass in g 40.98 53.09 42.23 53.61 
Filter type AC5 Al2O3-C AC5 Al2O3-C 
Mass in g 47.41 52.68 48.36 53.69 
Filter type AC5+Mullite Al2O3-C - - 
Mass in g 61.22 52.61 - - 
Filter type AC5+Alumina Al2O3-C AC5+Alumina Al2O3-C 
Mass in g 57.78 52.31 61.15 53.38 
Filter type - - AC5+Spinel Al2O3-C 
Mass in g - - 60.18 53.23 
 
  
Figure 3-4: Installation of contaminating, as well as functionalized filters within the gate system (left), casting 
process (right) 
 
In order to contaminate the steel melt with either exogenous alumina, or spinel inclusions 
in an accurately defined way, contaminating filters were installed in front of the active and 
reactive filters respectively, with a distance of 8 cm within the gate system (Figure 3-4).  
Therefore Al2O3-C filters with a size of 75·75·25 mm³ and a pore size of 10 ppi, were furnished 
with 20 g of tabular alumina or alumina-rich spinel, via dipping the filters into a slurry. This 
ensured a complete and mostly homogeneous covering of the entire filter structure with an 
inclusion layer. The slurry consisted of either 60 wt% tabular alumina T60/64 (d10 = 3.54 µm, 
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d50 = 69.01 µm, d90 = 190.60 µm, see Figure 7-5), or 60 wt% alumina-rich spinel AR78 
(d10 = 3.80 µm, d50 = 45.03 µm, d90 = 125.20 µm, see Figure 7-6), 40 wt% deionized water, and 
0.3 wt% (referred to solid content) xanthan as stabilization agent. The filters were dried at 80 °C 
for 12 h. Due to the absence of a thermal treatment at elevated temperatures, a loosely, easily 
detachable coating could have been generated. Within this contribution, the cast steel G42CrMo4 
(1.7231) was used. The casting trials were accomplished in collaboration with foundry 
“Edelstahlwerke Schmees” (Pirna, Germany). After the tap at a temperature of 1720 °C, the steel 
melt was aluminum deoxidized and purged with argon for 3 min. The casting temperature was 
finally adjusted to 1623 °C and the oxygen content amounted to 5.37 ppm. Table 3-11 presents 
the initial chemical composition of the steel melt, immediately after the deoxidizing with 
aluminum and argon-purging process. The chemical analysis of the solidified steel samples was 
measured with the aid of spark source spectrography (Foundry-Master; Oxford instruments) and 
the sulphur-analyzer LECO CS 244. For subsequent investigations, the cooled, steel filled filters 
were halved with the aid of water jet cutting and once more subdivided into three parts, 
according to Figure 3-5. The face sides, marked with 1 (upper part), 2 (middle part), and 3 (lower 
part) were polished, in order to generate samples for scanning electron microscopy (SEM) 
investigations. 
 
Table 3-11: Initial chemical composition of the steel melt after deoxidizing and purging 
C Si Mn P S Cr Ni Mo Cu Al Ti 
0.450 0.511 0.719 0.011 0.007 0.935 0.195 0.235 0.023 0.071 0.005 
 
 
Figure 3-5: Schematic diagram of the sample location for SEM and EDX investigations 
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4 Results and Discussion 
 Development of filter substrates based on Al2O3-C 4.1
Within the scope of the current chapter, the focus is on the development of a novel filter 
system, based on Al2O3-C. These filters subsequently serve as substrates for the respective 
activation processes. For this reason, it is important to optimize the various materials, as well as 
process parameters, in order to ensure substrates providing sufficient strength and thermal shock 
resistance. 
    
 Rheological behavior  4.1.1
Pure Carbores® P slurries possess a shear thickening behavior. For the replica technique, 
however, a shear thinning behavior is strictly required, in order to ensure stable and low viscous 
slurries, as well as to avoid a coating run-off. Hence, it becomes clear that a minimum amount of 
carbon black and graphite is required for the generation of a stable and shear thinning slurry. The 
effect of those additions causes the changes of the manufacturing properties of the spraying 
slurries, illustrated in Figure 4-1. Here, the rheological behavior of the spraying slurries is 
exemplarily represented by composition AC5. Using Carbores® P only leads to an increased 
catching of the strongly structured particles with increasing shear rate due to its grain 
morphology (Figure 4-2). The addition of carbon black and graphite, however results in a shear 
thinning behavior. In contrast to Carbores® P, graphite exhibits a flaky structure leading to 
particles which can slide along each other. Moreover, due to the higher packing density, as a 
consequence of the broad particle size distribution of the respective components, the dynamic 
viscosity can be decreased additionally. The viscosities of the impregnating slurries, tested at a 
shear rate of 200 1/s, show values higher than 600 mPas. [Emm12] 
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Figure 4-1: Rheological behavior of spraying slurries, exemplarily represented by composition AC5 [Emm12] 
 
 
 
Figure 4-2: Grain morphology of Carbores® P [Emm12] 
 
 
 Total solid content with respect to the Carbores® P content 4.1.2
The total solid content for samples, including the alumina and the carbon sources with 
respect to the Carbores® P content is shown in Figure 4-3. It is noted in this figure that the water 
requirement decreases with increasing Carbores® P content. This is caused by the different 
specific surface areas of the powder raw materials. Martoxid MR 70 has a BET-surface area of 
approximately 8 m²/g, graphite of approximately 12 m²/g, and the carbon black is assumed to 
have a large BET-surface due to its small particle size when compared to Carbores® P, which has 
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a specific surface area of about 0.6 m²/g. The partial substitution of alumina, graphite, and 
carbon black with the Carbores® P results in a lower water requirement with the same viscosity. 
Thus, it is possible to increase the solid content of the impregnating slurries from 81.67 to 
85.69 wt%. [Emm12] 
 
 
Figure 4-3: Total solid content with respect to the Carbores® P content [Emm12] 
 
 Stages of the pyrolysis 4.1.3
Different stages of the thermal treatment of filters are illustrated in Figure 4-4. 
Volatilization of organic components out of the binder occurs at approximately 200 °C. At a 
temperature of 400 °C, the pyrolysis of the PU foam is completed and the appearance of the 
mesophase (a phase intermediate between solid and liquid) caused by Carbores® P occurs. This 
mesophase turns into the solid state between 500-550 °C, followed by the dehydration of volatile 
components, which contributes to sample shrinkage up to the final temperature. [Emm12]    
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Figure 4-4: Stages of the coking process at room temperature (1), 200 °C (2), 400 °C (3), 800 °C (4) [Emm12] 
 
 Residual carbon content with respect to the Al2O3 content 4.1.4
The use of the micro elementary analyzer led to values of the residual carbon content. 
Although a qualitative phase separation was not possible, accuracy of this procedure led to its 
use. It was found that Al2O3 has a significant influence on the carbon yield (Figure 4-5). That 
means the smaller the oxide content, the higher the generation of residual carbon. This is 
traceable back to the function of the alumina as an electron acceptor, which was described 
similarly by Yamaguchi et al. [Yam96].  
 
 
Figure 4-5: Residual carbon content with respect to the Al2O3 content [Emm12] 
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In accordance with Yamaguchi, an improvement of the carbon yield was obtained with 
the same carbon amount in the basic composition by a partial substitution of alumina by SiO2, 
which has an ability to donate electrons. In case of the composition with 61 wt% alumina, 5 wt% 
have been substituted with 5 wt% silica. During the coexistence of SiO2 and graphite, the SiO2 
donates electrons to graphite, which leads to a favored electron distribution, and thus to an 
inhibition of graphite oxidation. Regarding the addition of the SiO2, an increase of the carbon 
yield was generated, as well as an increased standard deviation and a reduction of the total solid 
content. Due to the very large specific surface area, an increase of the water requirement resulted 
from the SiO2 additions, which leads to more drying cracks. [Emm12] 
 
 Volumetric shrinkage with respect to the Carbores® P content 4.1.5
The volumetric shrinkage increases with increasing Carbores® P content and decreasing 
alumina content. Volatile components are given off both from the organics like the PU foam and 
the Carbores® P, and from adsorbed gases and water vapor of the carbon black, due to the 
thermal treatment. The alumina contains no volatiles, causing it to counteract the volumetric 
shrinkage with increasing content. Although the amount of adsorbed gases and water vapor, 
arising from the carbon black and the graphite, are reduced as a consequence of the Carbores® P 
addition, the volumetric shrinkage increases. With an increasing content of the bonding agent 
(Carbores® P), the proportional amount of volatile components is increased, which affects the 
shrinkage behavior. The second factor of influence is based on Carbores® P and the occurrence 
of a liquid carbon containing phase at temperatures > 200 °C, which intensifies the volumetric 
shrinkage. The pyrolysis of the coal tar pitch is connected with graphitization, and therefore 
leads to a shrinkage afflicted alignment of the graphitic structures. It is noted that the 
Carbores® P content has an essential influence on volumetric shrinkage, causing it to increase 
with increasing content due to the appearance of the liquid phase, and to its high amount of 
volatiles, compared to that of carbon black, and graphite. So a volume shrinkage is measured at 
2.3 %, according to Figure 4-6, with a bonding agent content of 10 wt%, whereas a Carbores® P 
content of 30 wt% increases the volume shrinkage up to 8.2 %. [Emm12] 
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Figure 4-6: Volumetric shrinkage with respect to the Carbores® P content [Emm12] 
 
 Open porosity with respect to the Carbores® P content 4.1.6
Figure 4-7 shows the open porosity variations with respect to the Carbores® P content. 
The decreasing porosity is in part caused by the increasing total solid content, which reduces 
pore formation.  
 
 
Figure 4-7: Open porosity with respect to the Carbores® P content [Emm12] 
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In addition, the increasing residual carbon content counteracts an elevated porosity. 
Besides the increasing volumetric shrinkage, the occurrence of a liquid phase due to the thermal 
treatment of Carbores® P influences the porosity. This liquid phase infiltrates pores and leads to 
a porosity decrease with respect to the increasing Carbores® P content. Thus, the influence of the 
liquid phase on the porosity is more pronounced, compared to the volatiles, given off from the 
binder, carbon black, graphite, and the PU foam. [Emm12]  
 
 Cold crushing strength with respect to the filter weight 4.1.7
In order to determine the influence of the filter weight on the cold crushing strength of 
the filter systems, samples with different weights of the same composition (AC3), due to varying 
spraying times, were tested. The weight of the filters in the pyrolyzed condition varied from 17.2 
to 20.7 g. As evident from Figure 4-8, the CCS increases with increasing filter weight. Thus, the 
filters of 17.2 g exhibit a CCS of about 0.03 N/mm², which can be increased up to 0.1 N/mm² for 
the filters with a weight of 20.7 g.  
 
 
Figure 4-8: Cold crushing strength with respect to the weight, based on composition AC3 [Emm12] 
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That means that the CCS increased by approximately 3 times for a 20 wt% increase in 
sample weight. Filter weight can be used as an indicator of sample strength and highlights the 
importance of strut thicknesses. A high mass content means an increase of strut thicknesses, 
which leads to an increase in sample cross section, and of CCS. In order to generate meaningful 
results regarding the influence of the Carbores® P, the masses must be kept constant. [Emm12] 
 
 Cold crushing strength with respect to the drying temperature 4.1.8
The influence of drying temperature on CCS after pyrolysis at 800 °C is presented in 
Table 4-1. The evaporation of water within the filter struts results in lower CCS at 40 °C versus 
25 °C. Microcracks result at 40 °C, which do not heal completely during pyrolysis, versus drying 
at 25 °C, where microcracks were not found, and is thought to be the cause of the higher CCS at 
that temperature. For this purpose, the composition AC9 with a higher binder content (30 wt%) 
and a higher filter mass (25 g) was chosen, in order to generate testable samples after a drying 
temperature of 40 °C. [Emm12] 
 
Table 4-1: Cold crushing strength with respect to the drying temperature, based on composition AC9 with an 
average sample mass of  ̴ 25 g [Emm12] 
 
 
 
 Cold crushing strength with respect to the Carbores® P content 4.1.9
As noted in Figure 4-9, a relationship between CCS and Carbores® P exists as a bonding 
agent. Increased additions of Carbores® P, in combination with an increased residual carbon 
content, lead to an improved degree of cross-linking of the particles among themselves and thus, 
to stronger bonding. The infiltration of pores with the liquid phase also decreases the total 
porosity, leading to higher CCS, which is approximately four times greater than at lower 
Carbores® P additions. [Emm12] 
Drying temperature in °C 25 40 
CCS in N/mm²  0.50 0.26 
Standard deviation in N/mm² 0.14 0.06 
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Figure 4-9: Cold crushing strength with respect to the Carbores® P content [Emm12] 
 
 Computer tomographical investigation of the wall thickness distribution 4.1.10
Results regarding the wall thickness distribution, conducted with the aid of the computer 
tomography, were determined within the sections shown in Figure 4-10. The tested filters 
exhibit, irrespective of varying mixtures, the same characteristics.  
 
 
Figure 4-10: Filter sections for the investigation of strut wall thickness distribution (left: top view; right: side view, 
including the sections A, B, and C) [Emm12] 
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The sections A and C consist of a wall thickness distribution of approximately 400 µm 
(± 230 µm). In contrast, section B, which is located in the middle of the filter, had wall 
thicknesses of about 300 µm (± 160 µm). Due to the shear thinning behavior, the viscosity of the 
respective slurries increases immediately after striking the impregnated filter struts. Therefore, 
the slurry entry into the filter interior is reduced, which is intensified by the resistance to slurry 
flow that increases with increasing filter depth, resulting in thinner struts. [Emm12] 
 
 Impingement test 4.1.11
In order to complete the filter development, the impingement test has been accomplished 
for verifying both the thermal shock resistance and the permeability of the filters. As can be seen 
in Figure 4-11, the novel carbon bonded alumina filters passed the impingement test and thus 
possess the required permeability, as well as thermal shock resistance for steel melt filtration. 
 
 
Figure 4-11: Passed impingement test of novel carbon bonded alumina filters at 1670 °C 
 
Final remark 
During the work, the bimodal Martoxid MR 70 was not available any more. The new 
Martoxid exhibited a monomodal particle size distribution with a smaller average particle size, 
Results and Discussion 
 
 
59 
 
as shown in the Appendix (see Figure 7-1). Moreover, the manufacturer of the PU foams has 
changed. According to Emmel et al. [Emm12], the PPG has been eliminated for filter production. 
Since the CT investigations have shown that the filter interior consists of smaller strut 
thicknesses, the solid content of the spraying slurry was reduced to 70 wt%, in order to ensure a 
more homogenous strut thickness distribution. These factors led to a remarkable increase of CCS 
for the composition AC5 from 0.17 N/mm² to 0.39 N/mm². This composition was chosen for the 
subsequent investigations, since it possesses sufficient CCS and is free of stuck coke particles. In 
contrast, compositions with a Carbores® P content ≥ 25 wt% were contaminated with adherent 
coke particles, which prevent further investigations.  
   
 Investigation of Al2O3-C filters with active functional pores, due to high 4.2
amorphous carbon amounts 
 Activation through the application of a resin coating 4.2.1
The following part covers the activation of the filters through the application of a resin 
coating. Preliminary tests were carried out to determine the suitability of resin as a binder. Due 
to the very low residual carbon content of approximately 40 wt% and generally lower strengths 
after coking, compared to pitches, no filters, based on resin bonding, could have been produced. 
Hence, filters of the type AC5 were spray-coated with resin, in order to generate pure amorphous 
carbon surfaces.  
  
4.2.1.1 Rheological behavior  
The rheological behavior of the resin-water emulsion is shown in Figure 4-1. From this 
arises a Newtonian flow with a comparatively high dynamic viscosity value of about 125 mPas. 
Due to the absence of a shear thinning behavior, which has to be preferred for filter production, 
the dynamic viscosity has to be adjusted to higher values, in order to avoid coating run-off. The 
addition of water lowers the viscosity values to ensure a sprayable emulsion, which is attended 
by a homogenous wetting of the entire filter surface. Moreover, it can be seen that the resin 
allows good miscibility with water without segregation.  
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Figure 4-12: Rheological behavior of the resin-water emulsion (84 wt% resin) 
 
4.2.1.2 Mechanical properties 
The mechanical properties of filters with and without active amorphous carbon coating 
are listed in Table 4-2. It presents the crucial influence of a thermal pretreatment of the filter 
substrate on the CCS in case of the application of a resin coating. Here, the resin generates 
macrocracks within the thermally nonpretreated filter substrates (see Figure 4-13) during the 
coking process, resulting in the lowest CCS values of 0.22 N/mm².  
 
Table 4-2: Mechanical properties of resin coated and uncoated filters, based on composition AC5, with and without 
thermal pretreatment at 800 °C  
  Coking at 800 °C  
(without thermal pretreatment) 
Coking at 800 °C  
(with thermal pretreatment) 
CCS in N/mm² 
AC5 0.39 ± 0.06 0.36 ± 0.04 
AC5+Resin 0.22 ± 0.07 0.90 ± 0.19 
Young´s modulus in 
kN/mm² 
AC5 0.41 ± 0.17 0.40 ± 0.23 
AC5+Resin - 1.43 ± 0.14 
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Figure 4-13: Resin coated, coked filters with (a) and without (b) thermal pretreatment at 800 °C 
 
However, the application of the coating on coked filter substrates leads to the remarkable 
increase of CCS of about 250 %, compared to the uncoated filter substrate. This is traceable back 
to the infiltration of the substrate by the resin, which, on the one hand, rounds the sharp edges of 
the hollow filter struts, resulting in decreasing stress peaks (see Figure 4-14a and b). On the other 
hand, this infiltration reduces the total open porosity of the filter material itself (see Figure 
4-14c), from 35.8 vol% (AC5) to 21.5 vol% (AC5+Resin). Additionally, the coating, which is 
chemically bonded, facilitates the healing of defects of the substrate material and increases the 
load bearing cross section, as shown in Figure 4-14d. From Table 4-2 arises that, under 
consideration of the number of coking steps, the CCS of the uncoated filters do not vary outside 
standard deviation. It can therefore be stated that the increasing CCS is mostly traceable back to 
application of the coating, and less to the number of coking steps. Due to the application of the 
active coating, the Young´s modulus increases from 0.40 kN/mm² (AC5) to 1.43 kN/mm² 
(AC5+Resin) consequentially. It has to be taken into account that the Young´s modulus values in 
this contribution, measured on filter structures, do only serve as comparative values, not as 
absolute values. 
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Figure 4-14: Resin coating of filter AC5 leads to rounding of the sharp edges of the hollow filter struts (a+b), 
reduction of the total open porosity (c) and increase of  the load bearing cross section (d) 
 
4.2.1.3 Phase evolution 
The specimens contain two crystalline phases, hexagonal Al2O3 (space group R-3c, space 
group number 167) and hexagonal graphite (space group P63mc, space group number 186). Basic 
microstructural parameters of initial crystalline powders, as determined using the Rietveld 
method, are following: lattice parameters a = 0.47634  0.00007 nm, c = 1.30013  0.00009 nm, 
crystallite size D = 150  15 nm, and a = 0.24614  0.00005 nm, c = 0.67122  0.00008 nm, 
crystallite size D = 134  17 nm for Al2O3 and graphite, respectively. With the aid of X-ray 
diffraction, the effect of the additional coating concerning amorphous carbon phases could have 
been observed. As can be seen in Figure 4-15 the amount of turbostratic (amorphous) carbon can 
be increased due to the application of resin. The black line illustrates the noncrystalline phase, 
which is in both cases traceable back to carbon. Thus, it appears that according to the peak 
intensity of the turbostratic carbon at a diffraction angle of 27°, the amorphous carbon amount is 
clearly increased as a consequence of the resin application. Due to the equal peak widths, 
crystallization can be excluded.   
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Figure 4-15: Measured (open circles), refined (lines) and difference (lines at the bottom of each plot) X-ray 
diffraction patterns of AC5 coked at 800 °C (a) and AC5+Resin coked at 800 °C (b). The Carbores® P and carbon 
black contribution to the diffraction patterns (noted as turbostratic C) is shown as a thick line below the sharp 
crystalline phase’s peaks. 
 
 
In order to verify the results, based on X-ray diffraction, thermogravimetrical 
investigations were done. Figure 4-16 indicates that in case of resin coated filters, a mass loss, 
due to oxidation, starts at a comparably low temperature of about 300 °C. On the contrary, 
uncoated filters were oxidized, starting from approximately 350 °C. Hence, the presence of 
additional amorphous carbon phase could have been detected, since its oxidation temperature is 
below that of crystalline carbon phases. This is to trace back to only short-range order of 
amorphous phases. The coating consequently increases the oxidizable amount which is reflected 
in higher mass loss values. On average, the residual carbon content of the resin coated filters is 
37.7 wt% (30.3 wt% for AC5). It can be concluded that the application of a resin coating leads to 
filter surfaces consisting of pure amorphous carbon after annealing at 800 °C under reducing 
atmosphere. 
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Figure 4-16: Thermogravimetrically determined mass loss, due to oxidation of resin coated and uncoated filters, 
based on AC5 after coking at 800 °C 
 
4.2.1.4 Impingement test 
For this purpose, too, the impingement test was carried out to evaluate the thermal shock 
resistance of the resin coated filters. Figure 4-17 shows the arrangement of the filters to be tested 
(left). The image on the right hand side presents the typical behavior of the coated AC5 filters 
after thermal shock.  
 
 
Figure 4-17: Cemented filter in sand mold before testing (left), destroyed, resin coated AC5 filter after the 
impingement test at 1670 °C (right)  
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Immediately after impingement of the steel, the filters were destroyed, resulting in 
unhindered metal melt flow. Under consideration of the respective Young´s moduli, it appears 
that, due to the considerably higher Young´s modulus in case of the coated filters, the thermal 
shock resistance decreases accordingly. 
 
 Activation through the variation of coking temperatures 4.2.2
Even though a resin coating leads to pure amorphous carbon surfaces after coking at 
800 °C, theses filters do not possess sufficient thermal shock resistance as a consequence of 
elevated Young´s moduli. However, as preliminarily mentioned, pitches have the ability to 
convert into more crystalline structures as a result of increasing annealing temperatures. Hence, 
the following chapter covers the influence of varying coking temperatures on the properties of 
carbon bonded alumina filters, based on composition AC5. 
 
4.2.2.1 Mechanical behavior 
Table 4-3 presents the mechanical properties of both, filters coked at 800 °C and 
1400 °C. It is shown that the CCS, as well as the Young´s modulus of filters coked at 800 °C, is 
higher. Taking into account the open porosity of the filter material itself, it becomes clear that 
the elevated annealing temperature leads to an increasing porosity from 35.02 % (AC5 800 °C) 
to 40.27 % (AC5 1400 °C). Due to the associated reduction of the load-bearing cross section, the 
CCS decreases and the Young´s modulus declines accordingly. The increase in open porosity is 
to trace back to further pyrolysis, leading to the evaporation of hydrocarbons. As shown in 
chapter 4.2.2.2, the proceeding coking process results in reduced residual carbon contents.  
 
Table 4-3: Mechanical properties of filter composition AC5, coked at 800 °C or 1400 °C 
 Coking at 800 °C Coking at 1400 °C 
CCS in N/mm² 0.39 ± 0.06 0.33 ± 0.14 
Young´s modulus in kN/mm² 0.41 ± 0.17 0.33 ± 0.12 
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4.2.2.2 Phase evolution 
With the aid of X-ray diffraction, only moderate changes in the microstructure of 
crystalline phases Al2O3 and/or graphite in samples coked at 800 °C and 1400 °C were found in 
studied samples. Lattice parameters of Al2O3 were in all specimens under investigation 
a = 0.4761  0.0001 nm, c = 1.2996  0.0001 nm. In specimens containing graphite, refined 
lattice parameters were a = 0.2461  0.0001 nm, c = 0.6716  0.0002 nm. Pronounced change in 
the coherently diffracting domain size was observed in the Al2O3 phase. The specimens coked at 
800 °C had a crystallite size of approximately 300 nm, while the diffraction peak widths even 
decreased, which imply the crystallite size growth, in specimens coked at 1400 °C. However, the 
value of 300 nm is on the edge of the crystallite size estimation using the X-ray diffraction 
methods, so it can be deduced that the crystallite size of Al2O3 particles increased in specimens 
coked at 1400 °C, but it cannot be quantified, based on the X-ray diffraction measurements only. 
The mean crystallite size of graphite did not show significant change between specimens coked 
at 800 °C and 1400 °C and was about 160 nm. Measured and refined X-ray diffraction patterns 
of specimens coked at 800 °C (a) and 1400 °C (b) are shown in Figure 4-18. More pronounced 
changes in the microstructure between the samples coked at 800 °C and 1400 °C, are in 
turbostratic carbon phases (i.e. Carbores® P and carbon black). It is experimentally very difficult 
to separate the contributions of both turbostratic phases to the overall diffraction pattern, since 
both constituents contribute to very broad and low intensity peaks, which are superimposed with 
sharp and intensive Bragg peaks from crystalline phases. However, based on studies by Dopita et 
al. [Dop13] of both pure phases, Carbores® P and used carbon black, annealed at different 
temperatures, the basic microstructural parameters of carbon black coked at 800 °C are: lattice 
parameters a = 0.24449 nm, c = 0.70304 nm, the mean cluster sizes are La = 2.53 nm (cluster 
size in the plane of graphitic layer) and Lc = 2.11 nm (cluster size perpendicular to the graphitic 
layer). Carbon black annealed at 1400 °C shows lattice parameters a = 0.24474 nm, 
c = 0.6950 nm, the mean cluster sizes are La = 3.93 nm and Lc = 2.78 nm. Even more 
pronounced changes in the microstructure i.e. cluster sizes growth and changes in the lattice 
parameters, were observed in Carbores® P. In Carbores® P, coked at 800 °C, the lattice 
parameters are a = 0.24397 nm, c = 0.69164 nm and the mean cluster sizes are La = 1.98 nm 
(cluster size in the plane of graphitic layer) and Lc = 1.38 nm. Carbores® P, annealed at 1400 °C, 
yields lattice parameters a = 0.24463 nm, c = 0.6881 nm, the mean cluster sizes are La = 5.32 nm 
and Lc = 4.82 nm. Under consideration of common values for the cluster sizes of pyrolized 
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pitches (La = 0.3-2 nm, Lc = 1-5 nm, see Figure 2-10) it appears that these values equate to 
those, generated after annealing at 800 °C. A coking temperature of 1400 °C, however, results in 
values exceeding the cluster sizes of the semicoke. It can thus be stated that higher coking 
temperatures lead to decreased isotropy of carbon, aligned with the desired changes in physical 
properties, which might have influence on the filtration behavior. 
 
 
Figure 4-18: Measured (dots), refined (lines) and difference (lines at the bottom of each plot) X-ray diffraction 
patterns of specimens coked at 800 °C (a) and 1400 °C (b). The Carbores® P and carbon black contribution to the 
diffraction patterns (noted as turbostratic C) is shown as a thick line below the sharp crystalline phase’s peaks. 
 
 
In order to verify the results, won with the aid of X-ray diffraction, thermogravimetrical 
investigations were done. Thereby the oxidation temperatures of the respective carbon 
modifications were determined (Figure 4-19). Even though the oxidation temperatures of the 
different carbons are partially overlapping, a clear distinction can be made. As a consequence of 
both, the long-range order and the comparably small mean cluster sizes, Carbores® P as well as 
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carbon black are primarily oxidized at temperatures between 425 °C and 530 °C. Graphite, 
which generally shows better oxidation resistance, is oxidized to the largest extent at 
approximately 620 °C, as can be seen in Table 4-4. On the contrary, a thermal treatment of the 
filters at 1400 °C, leads to a shift of oxidation temperatures of all carbon modifications. The 
most pronounced shift can be found in case of the well graphitizable Carbores® P, which 
amounts to roughly 120 °C. Hence, it is shown that, due to increasing annealing temperatures the 
carbon sources are converted into more crystalline (larger cluster sizes) phases. 
 
 
Figure 4-19: Thermogravimetrically determined mass loss, due to oxidation of filters, based on AC5 after coking at 
800 °C or 1400 °C 
 
Table 4-4: Shift of the oxidation temperature of filter AC5 as a function of preliminary coking temperature 
 Coking temperature 800 °C Coking temperature 1400 °C 
Carbores® P ̴ 425 °C ̴ 545 °C 
Carbon black ̴ 530 °C ̴ 625 °C 
Graphite  ̴ 620 °C ̴ 690 °C 
 
4.2.2.3 Impingement test 
Due to only minor changes in the CCS as well as in the Young´s modulus, the filters 
coked at 1400 °C pass the impingement test. Therefore, newly developed filters exist, which 
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provide good comparability concerning their respective filtration behavior. As a consequence of 
the identical compositions of the filters, influencing parameters are effectively minimized to the 
variation of amorphous (turbostratic) and crystalline carbon modifications.  
 
 Investigation of Al2O3-C filters with active functional pores, due to oxide 4.3
coatings 
The second approach of activating carbon bonded filters in course of the present work 
consists of the application of pure oxidic coatings. These allow a defined adjustment of the 
surface chemistry, surface tensions and surface roughness, which enables the determination of 
various influencing parameters, concerning the steel melt filtration.  
 
 Rheological behavior of the active oxide coating slurries 4.3.1
The rheological behavior of the alumina, spinel and mullite spraying slurries is plotted in 
Figure 4-20. Each slurry shows a shear thickening behavior, due to the catching of the respective 
particles with increasing shear rates that are necessary for the spraying process. The varying 
dynamic viscosities at a shear rate of 1000 s-1 with the values 24.4 mPas for alumina, 29.8 mPas 
for mullite and 32.8 mPas for spinel are traceable back to the absence of the optimization of 
additive contents for each oxide, since this was only done for alumina. In order to guarantee 
comparable conditions with respect to the pore evolution, water contents and additive contents 
were kept constant. Higher solid contents are not permissible, since the shear thickening 
behavior of the slurries would not result in sprayable slurries, leading to an inhomogeneous 
coating of the substrate material. [Emm13a] 
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Figure 4-20: Rheological behavior of alumina, spinel, and mullite spraying slurry up to a shear rate of 1000 s-1 
[Emm13a] 
 
 Influence of a thermal pretreatment of filter substrates on the sintering of the oxide 4.3.2
coatings 
The results regarding the influence of a thermal pretreatment on the oxide coatings, are 
presented in Figure 4-21, comparing a filter thermally pretreated at 800 °C (left) and a green 
filter substrate (right). Both oxide coated filters were concludingly sintered at 1400 °C.  
 
 
Figure 4-21: Alumina coated carbon bonded alumina filters, coked at 1400 °C (left: with thermal pretreatment of 
the substrate material at 800 °C, resulting in pure oxide coating material, right: without thermal pretreatment of the 
substrate material, leading to bigger struts thicknesses and carbon containing alumina coating material) [Emm13a] 
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The thermal pretreatment at 800 °C, exemplified on alumina, leads to stable coated 
filters, whereas the sintering of thermally nonpretreated filters generates macrocracks. Due to its 
capillary activity, the unsintered coating partially absorbs the binder (Carbores® P), which 
softens at temperatures > 200 °C, as a consequence of the absence of the thermal pretreatment, 
and leads to a weakening of the binder matrix. Therefore, the generation of a pure active oxide 
coating without thermal pretreatment is impractical. [Emm13a] 
 
 Sintering behavior of the coatings on thermally pretreated filter substrates 4.3.3
Figure 4-22 presents the influence of the oxide coatings on the strain and shrinkage 
behavior of the 20 % Carbores® P containing filter AC5. For this, the dilatometer curve of an 
uncoated filter is opposed to the filters coated with mullite, spinel and alumina respectively, in 
situ sintered within the dilatometer under inert argon atmosphere. All curves, up to a temperature 
of approximately 850 °C, show an expansion of 0.5 %, which is attributed to the thermal strain. 
The following shrinkage behavior of all tested filters is due to a dehydrogenation process of the 
carbon bonded substrate material, with which most of the remaining volatile components are 
removed. These are still present up to 800 °C, because of a thermal pretreatment of only 800 °C.  
 
 
Figure 4-22: Shrinkage behavior of the coated and uncoated filters, in situ sintered under argon within the 
dilatometer [Emm13a] 
Results and Discussion 
 
 
72 
 
Shrinkage is increased besides by a graphitization process, resulting in a higher degree of 
order of the graphite-like structures. The oxide coated filters present a more pronounced 
shrinkage within the temperature range of 1150 °C, up to the final temperature of 1400 °C. The 
varying sintering behaviors of the respective oxides lead to different shrinkage values, shown in 
Table 4-5. The shrinkage behavior is in good agreement with the particle size distributions of the 
respective oxides (Figure 7-3); the smaller the particles, the higher the shrinkage. Due to the 
thermal treatment, the oxides shrink onto the substrate material, resulting in tight and microcrack 
free coatings. [Emm13a]  It is assumed that the holding time of 5 h during filter production, 
intensifies this effect.  
 
Table 4-5: Shrinkage values of the in situ sintered coated and uncoated filters at room temperature and 1400 °C 
[Emm13a] 
 AC5 uncoated AC5+Mullite AC5+Spinel AC5+Alumina 
Shrinkage at room temperature in % 1.53 1.53 1.75 2.02 
Shrinkage at 1400 °C in % 0.24 0.31 0.42 0.63 
 
 Evaluation of the strut wall and coating thicknesses by means of scanning electron 4.3.4
microscopy and computer tomography 
The strut wall thickness of the carbon bonded alumina filter, as well as the coating 
thicknesses of the oxide coatings, are illustrated in Figure 4-23. Based on the strut wall 
thicknesses determined with the aid of the scanning electron microscopy, the computer 
tomography should provide the detection of the coating thickness within the entire filter. Due to 
the similar chemistry of both the coating and the substrate materials, the material contrast 
disallows explicit separations (Figure 4-24). Moreover, the voxel size of 53 µm implies a 
resolution, which is partially smaller than the coating itself, which is traceable back to the sample 
size of 50·50·20 mm³. Therefore, the measurement of the coating thickness has to be divided 
into two steps. The first step consists of the strut wall thickness evaluation of uncoated filters. In 
the second step, the filter has to be measured in the coated condition. By subtracting the strut 
thicknesses of both the coated and the uncoated filter, approximate coating thicknesses could be 
calculated, Table 4-6. From this, nearly the same values arise for the respective coatings, which 
additionally equate to the values investigated by using SEM. These coating thicknesses prove to 
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be independent of the varying dynamic viscosities of the slurries, and give good reproducibility 
and comparability. [Emm13a] 
 
 
Figure 4-23: SEM image, presenting the strut wall thickness of the carbon bonded alumina filter (334.4 µm), 
sintered at 1400 °C, as well as the coating thicknesses of mullite (52.8 µm), spinel (79.4 µm) and alumina 
(56.4 µm), sintered at 1400 °C [Emm13a] 
 
 
 
Figure 4-24: CT image of an alumina coated filter, coked at 1400 °C [Emm13a] 
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Table 4-6: Strut wall thickness of the coated and uncoated filter systems, coked at 1400 °C [Emm13a] 
 AC5 uncoated AC5+Mullite AC5+Spinel AC5+Alumina 
Strut wall thickness in mm 0.33 ± 0.17 0.38 ± 0.19 0.41 ± 0.21 0.39 ± 0.20 
Coating thickness in mm - 0.05 0.08 0.06 
 
 Evaluation of the open and functional porosity by means of mercury porosimetry 4.3.5
and computer tomography 
The results of the open porosity (Table 4-7) of the filter substrate and coating materials 
correlate with the shrinkage values, presented in chapter 4.3.3. Independent of the constant solids 
and additive content, the open porosity of the respective coating systems varies. Compared to the 
substrate material, which exhibits pores ranging predominantly between 30 and 320 nm, the 
respective coating materials show porosities, comprising larger pore radii (see Figure 7-4). In 
case of the alumina coating these range between 470 and 820 nm, for spinel between 430 and 
1010 nm, and for mullite between 610 and 1800 nm. From this it follows that the more 
pronounced the shrinkage of the coated filters, the lower the open porosity.  
 
Table 4-7: Open porosity of the substrate and coating materials, coked at 1400 °C [Emm13a] 
 AC5 substrate Mullite coating Spinel coating Alumina coating 
Open porosity in vol% 40.27 36.24 35.25 32.21 
 
The values of the functional porosity, determined with the aid of computer tomography 
are shown in Table 4-8. As a logical consequence, the uncoated filter AC5 exhibits the highest 
porosity. Due to the application of the respective coatings, the functional porosity decreases with 
increasing coating thickness. Referring to this, the spinel coated filter system shows the lowest 
functional porosity value, in accordance with the coating thicknesses, presented in chapter 4.3.4. 
[Emm13a] 
 
Table 4-8: Functional porosity of the uncoated and coated filters, coked at 1400 °C [Emm13a] 
 AC5 uncoated AC5+Mullite  AC5+Spinel  AC5+Alumina  
Functional porosity in vol% 76.56 75.32 72.03 74.99 
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 Stress conditions  4.3.6
The respective stresses, arising in the substrate material and, accordingly, in the coating 
after cooling down from sintering temperature, are shown in Table 4-9. The stresses were 
derived according to Ho et al. under consideration of Equations 4-1 to 4-3. The factored values 
were specially determined, except for the Poisson ratio. Here 0.21 was assumed, which is a 
common value for ceramic materials. [Ho95] 
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                             4-2     
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The values refer to a simplified model without triconcave hollow struts and a linear 
thermo-elastic behavior of the materials. Nevertheless, it becomes clear that both, the alumina 
and the spinel coating lead to compressive stresses within the carbon bonded substrate 
(10-13 N/mm²). These stresses result in tensile stresses in the coating, which amount to 
approximately > 50 N/mm². The stresses due to cooling, have to be added to the stresses, arising 
as a consequence of the shrinkage, as presented in chapter 4.3.3. The influence of the thermal 
expansion coefficient is particularly noticeable during cooling. Hence, highest stresses appear in 
case of the spinel coating.  
 
Table 4-9: Stress conditions after cooling from 1400 °C to 25 °C in substrate, as well as in the coatings and their 
respective properties for the calculation according to Ho et al. [Ho95]  
Material 
Young´s modulus 
E [kN/mm²] 
Poisson ratio 
ν [-] 
Thermal expansion 
coefficient α [K-1] 
Substrate/coating 
thickness t [µm] 
Stress σ [N/mm²] 
AC5 12.40 0.21 7.03·10-6 1.00 
A +10 / S +13 / 
M -17 
Alumina 89.73 0.21 7.59·10-6 0.06 -54 
Spinel 53.67 0.21 7.93·10-6 0.08 -56 
Mullite 28.64 0.21 4.73·10-6 0.05 +97 
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In contrast, the mullite coating possesses a smaller amount of α, which is even lower than 
that of the substrate material. Accordingly, tensile stresses would occur in the substrate and 
compressive stresses in the coating, as can be seen in Figure 4-25 and Table 4-9. Due to the 
absence of chemical interactions between substrate and coating, however, stresses are not 
transferred.  
 
 
Figure 4-25: Stress conditions after cooling from 1400 °C in substrate, as well as in the respective coatings (for a) 
alumina, b) spinel and c) mullite). Compressive stresses are indicated in blue, tensile stresses in red  
 
Consequentially, no stresses occur during cooling of the mullite coating. From this it 
follows that coating materials with a higher thermal expansion coefficient than that of the 
substrate have to provide sufficient strengths, in order to survive the occurring tensile stresses.  
 
 Influence of the coating on the cold crushing strength 4.3.7
The results regarding the influence of the coating on the CCS are illustrated in Figure 
4-26, which includes thermally pretreated filters, coked at 1400 °C. Based on the application of 
the coating, the CCS increases from 0.36 N/mm² (uncoated) to 0.47 N/mm² for mullite, 
0.54 N/mm² for spinel and 0.63 N/mm² for the alumina coating. Due to the coating, the effective 
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cross section increases slightly, which is accompanied by a reduction of occurring stresses in the 
struts, proportional to 1/r³ and a minimization of the carbon oxidation is expected. Moreover, the 
shrinkage of the coating onto the filter struts is assumed to generate compressive stresses that 
counteract the peak stresses of the hollow filter struts, resulting in higher cold crushing strengths.  
 
 
Figure 4-26: Cold crushing strengths of the coated and uncoated filter systems, coked at 1400 °C [Emm13a] 
 
Additionally, the compressive stresses occurring during cooling, as shown in chapter 
4.3.6, contribute to an increase in CCS. The dependence of the CCS increase, as a function of the 
coating material, correlates exactly with the shrinkage and open porosity values, shown in 
chapters 4.3.3 and 4.3.5. With an increasing amount of shrinkage, the porosity is decreased while 
compressive stresses are increased, which leads to the highest CCS for alumina and the lowest 
CCS for mullite. Due to nearly same coating thicknesses, other influencing factors are mainly 
eliminated. [Emm13a] 
 
 Impingement test 4.3.8
The accomplishment of the impingement test verified the applicability of the newly 
developed filter materials. Therefore, thermally pretreated filters (800 °C), coated with the 
respective oxides, sintered at 1400 °C have been tested. The polished cross sections of the filter 
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struts after the impingement tests are shown in Figure 4-27. This shows that the respective 
coatings still remain after the test, due to the high thermal conductivity of the carbon bonded 
substrate material, which compensates the poor thermal shock resistance of the oxide coating 
materials. The gap between coating and substrate material confirms the assumption, which 
indicates that the mechanism of the adhesion of these coatings is primarily to trace back to the 
pronounced shrinkage and less to potential chemical reactions. This leads, in contrast to the resin 
coated filters including their chemical interaction, to the pass of the impingement test. Moreover, 
stress peaks appearing at the triconcave, hollow filter struts are reduced by the coatings. In 
comparison to the impingement test, industrial castings with an amount of approximately 75 kg 
steel melt do not lead to a gap between the filter substrate and the oxide coating. In case of the 
impingement test, the respective filters are incompletely filled with steel after the test, leading to 
higher deformation values in means of shrinkage of the steel. The industrially tested filters are, 
however, entirely filled, which prevents the generation of gaps. The interface between active 
coating, trapped inclusions and steel melt of the impingement and industrial tests will be 
described in later chapters. [Emm13a] 
 
 
Figure 4-27: Polished cross sections of the oxide coated filter struts after the impingement test [Emm13a] 
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 Investigation of MgO-C filters with reactive functional pores  4.4
 Rheological behavior 4.4.1
The spraying slurries MC1, MC2 and MC3 show a shear thinning behavior with a 
resulting dynamic viscosity of approx. 70 mPas at a shear rate of 1000 s-1, as can be seen from 
Figure 4-28. Moreover, with decreasing MgO amount and increasing total solid content of the 
slurries, the hysteresis of the viscosity curve is increasing, resulting in a higher thixotropic 
behavior, especially in case of MC3 slurry. Thereby, a proceeding reduction of the substance 
structure takes place. In this case, too, the impregnating slurries MC1 and MC2 were tested at a 
shear rate of 200 s-1. The respective dynamic viscosities amount to approximately 600 mPas. 
[Ane13a] 
 
 
Figure 4-28: Rheological behavior of the spraying slurries MC1, MC2, and MC3 [Ane13a] 
 
 Residual carbon content 4.4.2
The residual carbon content after coking at 800 °C is exemplarily represented by the 
20 wt% Carbores® P containing compositions AC5 and MC1, in order to detect the influence of 
the magnesia. As can be seen from Figure 4-29, the residual carbon content varies from 
30.3 wt% (AC5) to 33.2 wt% (MC1). Magnesia, too, possesses the ability to donate electrons. As 
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already described, this leads to improved carbon yields. Due to the substitution of alumina by 
magnesia, the residual carbon content can be increased by approximately 9 %. In addition, the 
presence of magnesia, including its function as an electron donor, causes a shift of the initial 
oxidation temperature about 25 °C. The resulting electron distributions, as a consequence of 
alumina presence (electron acceptor) and magnesia (electron donor) presence, are also shown in 
Figure 4-29. According to Yamaguchi et al. [Yam96], these electron distributions are assumed to 
accelerate the oxidation of carbon – especially graphitic structures.  
 
 
Figure 4-29: Thermogravimetrically determined mass loss, due to oxidation of filters, based on AC5 or MC1 after 
coking at 800 °C including the resulting electron distributions in case of graphite [Yam96] as a consequence of 
either magnesia or alumina being present 
                         
 Cold crushing strength 4.4.3
The cold crushing strengths of the respective filter compositions are presented in Figure 
30. From this it follows that the pure MgO-C based compositions MC1MC1 and MC2MC2 
exhibit only low CCS. Even a high binder amount of 30 wt% does not result in CCS above 
0.18 N/mm² and is accompanied by the appearance of macrocracks. This is due to the fact that 
MgO has a higher thermal expansion coefficient than carbon; the matrix is stressed and 
deformed. During cooling, the oxides exhibit a more pronounced shrinkage, resulting in porosity 
formation around the oxide particles. This means that the greater the thermal expansion of the 
oxide, the larger the pore volume, the lower the CCS. The second factor of influence is the 
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particle size. Since there is no chemical bonding between the oxide particles and the carbon 
matrix, but only mechanical interlocking, the interface forms the critical crack length. With 
increasing particle size, this crack length increases; this could be observed from the comparison 
of CCS due to the use of fine grained alumina, as well as from the partial substitution of 
magnesia by alumina. Hence, a layer construction has been developed, consisting of an 
impregnating layer based on Al2O3-C and a spraying layer based on MgO-C. This resulted in 
remarkably improved mechanical properties, without influencing a possible reactive function on 
the filters surface. [Ane13a] 
 
 
Figure 4-30: Cold crushing strengths of the reactive filters, consisting of different layer compositions [Ane13a] 
 
 Shrinkage behavior 4.4.4
It becomes apparent from Figure 4-31 that no meaningful values concerning the 
shrinkage behavior of the reactive filters can be achieved. During coking, a considerable 
deformation of the pure MgO-C filters occurs in the direction of their positioning, following the 
gravitation. Besides an improvement of the CCS, the carbon bonded alumina layer leads to 
enhanced dimension stability, which can possibly be a consequence of a better packing density. 
Due to the absence of pronounced deformation of the composite filter, macrocracks could not 
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have been observed. It can thus be concluded that the application of an Al2O3-C based first layer 
is urgently required. 
 
Figure 4-31: Influence of the Al2O3-C based impregnating layer on the dimension stability during coking up to 
800 °C 
 
 Open porosity 4.4.5
The open porosity values of the varying reactive filter compositions are shown in Figure 
4-32.  
 
 
Figure 4-32: Open porosity of the reactive filter, consisting of different layer compositions [Ane13a] 
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The partial substitution of MgO by Al2O3 leads to a reduction of open porosity, even 
though magnesia provides comparably increased residual carbon contents. This is a clear proof 
for the pronounced thermal expansion of the magnesia, resulting in higher porosity values, as 
well as for the lower packing density of the MgO-C compositions. Since the differences in 
porosity are less pronounced than it could be expected under consideration of the CCS, the 
crucial influence of the particle size, which corresponds to the critical crack length, can be 
confirmed. [Ane13a] 
 
 Computer tomographical investigation of the wall thickness distribution 4.4.6
With the aid of the VGStudio MAX 2.1 visualization software, middle strut wall 
thicknesses have been determined (see Figure 4-33). Here, volume unit a (outside section of the 
filter) presents a strut wall thickness distribution of 600 µm with a standard deviation of 330 µm. 
Volume unit b (inner section of the filter), exhibits a middle strut wall thickness of 
approximately 400 µm with a standard deviation of 210 µm. In comparison to the carbon bonded 
alumina filters (a = 400 µm ± 230 µm, b = 300 µm ± 160 µm), the reactive MgO-C filters consist 
of thicker struts, however, exhibiting the same behavior concerning decreasing strut thicknesses 
from the outside to the inner section of the filters.  
 
 
Figure 4-33: CT image of visualized strut wall thicknesses, with a (outside section of the filter) and b (inner section 
of the filter) [Ane13a] 
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Since both filter types were adjusted to the same mass in the wet condition, the densities 
of the oxides become particularly important. Due to the lower density of the magnesia, the 
carbon bonded MgO filters possess thicker struts, as the volume increases at equal weight. 
Owing to a d90 value of MgO, which is 13 times higher compared to that of alumina, the effect of 
increasing strut thickness is intensified. This is also reflected in higher standard deviations. 
[Ane13a] 
 
 Impingement test 4.4.7
The results of the impingement tests are exemplarily represented by layer composition 
AC9MC2 in Figure 4-34. All filters with the carbon bonded alumina substrate and with the 
carbon bonded magnesia coating survived the impingement test. The carbon bonded MgO 
coating is still remaining on the carbon bonded Al2O3 substrate without any crack generation or 
delamination.  
 
Figure 4-34: SEM image of filter AC9MC2 after passing the impingement test at 1670 °C 
 
The image enlargement presents the interface between the coatings. The bigger MgO 
grains in comparison to the smaller Al2O3 can be registered. It can be seen that due to the 
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application of the same type and amount of the binder no cracks, as well as no delamination of 
the two coatings could be identified at the interface after coking as well as after thermal shock. 
However, a new coating consisting of pure MgO was formed. This can be attributed to two 
possible mechanisms of action. On the one hand, the surface could have been partially 
decarburized up to a depth of approximately 20 µm. On the other hand, secondary MgO could 
have been formed, as a consequence of the carbothermal reduction.  
 
 Evaluation of the carbothermal reduction with the aid of a steel casting simulator 4.4.8
In order to verify the basic idea concerning a dissolved oxygen reduction by using carbon 
bonded MgO filters and to clarify the observations after the impingement test, a steel casting 
simulator was used. To determine the influence of the time of measurement, the oxygen content 
was detected after a certain period of time. As shown in Table 4-10, the influence of the time of 
measurement is negligible. For the evaluation of the influence of the filter on the dissolved 
oxygen, the temperature was kept constant. Hence, all other possible influencing parameters 
were eliminated. The reduction of the total oxygen content in the steel melt of approximately 
3 ppm per filter per 30 s can thus be traced back to the reactive function of the MgO-C.  
	
Table 4-10: Dissolved oxygen content in steel melt as a function of time of measurement and dipping of reactive 
MgO-C filters [Ane13a] 
Time of measurement Filter number Temperature in °C Oxygen in ppm  
0 - 1689 32.4 
Influence of the 
time of 
measurement 
15 min later - 1710 33.6 
20 min later - 1684 33.0 
Immediately before dipping - 1670 33.2 
Influence of the 
reactive filter 
9 min after dipping  1 1674 30.3 
10 min later after dipping  2 1679 27.1 
8 min later after dipping  3 1673 24.2 
 
The microstructural study of the surface of the filters after dipping confirms the results of 
the decreasing oxygen contents. Figure 4-35 presents extensively whisker-covered filter surfaces. 
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These are, with the greatest probability, newly formed out of the gaseous Mg vapor and the 
dissolved oxygen in the steel melt. With the aid of EBSD analysis, the whiskers could clearly be 
identified as periclase (MgO). It can therefore be stated that secondary MgO is formed after steel 
contact, which is accompanied by a reduction of dissolved oxygen. Thus, the basic idea of the 
reactive function of MgO-C could – under the present conditions – be proven. [Ane13a] 
 
 
Figure 4-35: SEM images of secondary MgO on filter AC9MC2 after dipping into steel melt at approx. 1670 °C 
[Ane13a]	
	
 Investigation of combined active and reactive filters, based on Al2O3-MgO-C 4.5
 Influence of the temperature on the formation of spinel 4.5.1
The influence of the temperature on the spinel formation of the novel filter materials is 
exemplified in Figure 4-36 for the carbon containing composition SS-C. The X-ray diffraction 
patterns illustrate the phase evolution after thermal treatments at 800, 1100 and 1400 °C 
respectively. For better comparison, only the diffraction angles 2 theta between 60° and 70° have 
been reported. As it can be seen, a thermal treatment at 800 °C, which equates to the common 
coking temperature of carbon bonded filters, does not lead to the formation of spinel. The 
increase of the annealing temperature to 1100 °C, however, results in decreasing amounts of the 
MgO and Al2O3 reactants associated with an increasing content of spinel. Further spinel 
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formation is achieved by further increasing the processing temperature. At 1400 °C, the 
dominant crystalline phase is, indeed, spinel. However, the reaction is not completed, since both 
MgO and Al2O3 were still present, even though in small amounts. 
  
 
Figure 4-36: Phase evolution of samples of composition SS-C as a function of the heating temperature [Emm14] 
 
These results correlate only partially with the dilatometric curve, shown in Figure 4-37. A 
thermal expansion of 0.6 % in the 20-820 °C temperature range occurs, followed by a very 
limited shrinkage. This can be attributed to the progression of the coking process, including 
further dehydration, after the thermal pretreatment at 800 °C. At 925 °C, the shrinkage is 
interrupted by an additional pronounced expansion of 0.2 %, up to 1070 °C. It can be noted that 
in case of the investigated compositions, 925 °C corresponds to the starting temperature for the 
formation of spinel, which involves a volume expansion. In contrast to the X-ray investigation, 
the spinel formation seems to be completed below 1100 °C, as no further expansion can be 
observed at higher temperature. However, the formation of spinel at higher temperatures 
overlaps with the sintering phenomena occurring in the ceramic material, causing shrinkage. The 
total shrinkage is -0.6 %, after cooling down to approximately 100 °C, considerably less than 
that for pure Al2O3 containing carbon bonded filter systems, which is -1.5 %, as presented in 
chapter 4.3.3. [Emm14] 
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Figure 4-37: Dilatometer curve for sample SS-C, after a thermal pretreatment at 800 °C [Emm14] 
 
 Influence of the composition 4.5.2
In order to evaluate the most suitable and efficient composition, two different mixtures 
were investigated. Composition SS-C possesses an MgO/Al2O3 ratio matching stoichiometric 
spinel, whereas composition AR-C corresponds to alumina-rich spinel.  
 
 
Figure 4-38: Phase evolution as a function of the MgO/Al2O3 ratio, for samples SS-C and AR-C, heat treated at 
1400 °C [Emm14] 
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Considering the XRD (X-ray diffraction) data reported in Figure 4-38, a higher degree of 
spinel formation occurs in the case of the stoichiometric spinel composition (SS-C). However, 
the reactant phases are not completely eliminated in both samples and are present, still 
maintaining their initial ratio. It can thus be concluded that a higher amount of MgO, which is – 
in this case – carbothermally reduced, leads to a more pronounced ion diffusion, resulting in an 
increased formation of spinel.  
This is in agreement with the dilatometer curves for samples AR-C and SS-C, which are 
plotted comparatively in Figure 4-39. The samples exhibit a nearly identical behavior up to 
≈ 900 °C; with increasing temperature, the formation of spinel overlaps with shrinkage, but it can 
be observed that sample SS-C displays a larger expansion in the 1000 to 1200 °C range and a 
smaller shrinkage at 1400 °C in comparison to sample AR-C, in agreement with the formation of 
a larger amount of spinel, highlighted by the XRD results. The trend continues during cooling, 
resulting in a total shrinkage of approximately -0.6 % for sample SS-C and -0.8 % for sample 
AR-C. [Emm14] 
 
 
Figure 4-39: Dilatometer curves for samples SS-C and AR-C, after a thermal pretreatment at 800 °C [Emm14] 
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 Influence of the carbon matrix 4.5.3
Figure 4-40 illustrates the phase distribution of the stoichiometric spinel composition, 
annealed at 1400 °C, as a function of the presence or absence of carbon, respectively. The data 
clearly indicate that carbon hinders the formation of spinel; even though spinel forms, a large 
amount of unreacted oxides remains. It can be stated that the carbon matrix limits the diffusion 
of both ions, which are needed in case of this diffusion controlled process. No other phases form 
after annealing at 1400 °C. 
 
 
Figure 4-40: Phase evolution of sample SS depending on the presence (SS-C) or absence (SS) of carbon, heat 
treated at 1400 °C [Emm14] 
 
The deformation behavior is also considerably influenced by the presence of carbon, as it 
can be seen in Figure 4-41. Due to the absence of carbon in composition SS, the expansion is 
more pronounced in the temperature range 20-875 °C. In contrast to the carbon bonded system 
SS-C, in which shrinkage is present, the pure oxide composition SS shows no shrinkage, after 
the thermal expansion in the 20-875 °C range. For this sample, a significant expansion up to 
2.4 % occurs at 910 °C, caused by the formation of spinel. The beginning of sintering at 1280 °C 
leads to a pronounced shrinkage down to 0.8 %, which results in a total shrinkage of -0.4 % after 
cooling down. The carbon-containing system possesses a marginally larger total shrinkage after 
cooling, of about -0.55 %. It can be concluded that the favorable influence of the absence of 
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carbon on the formation of spinel has no longer any effect if the material is heated to 
temperatures higher than 1300 °C. [Emm14] 
 
 
Figure 4-41: Dilatometer curve for samples of composition SS-C and SS, after a thermal pretreatment at 800 °C 
[Emm14] 
 
In order to evaluate the influence of carbon on the formation of spinel under near-casting 
conditions, the samples were annealed at 1600 °C in argon atmosphere. As shown in Figure 
4-42, the carbon-free composition SS fine is completely transformed into pure spinel, without 
any remaining reactants. However, in presence of carbon, the transformation is incomplete and 
many different phases formed at high temperature.  
After a holding time of 180 min, no spinel is detectable any more. Due to the 
carbothermal reduction (4-4, 4-5), the spinel completely decomposed at 1600 °C under argon 
atmosphere. The formed, gaseous Al2O react with further carbon to produce Al2OC (4-6) 
[Maz02]; this in turn decomposes partially to form Al4O4C (which could not have been detected) 
and Al4C3 (4-7), while Mg evaporates. [Lih89, Emm14] 
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Figure 4-42: Phase evolution of sample SS as a function of the presence (SS-C fine) or absence (SS fine) of carbon, 
heat treated at 1600 °C for 3 h under argon atmosphere [Emm14] 
 
MgAl2O4 + 3C → Al2O(g) + Mg(g) + 3CO        4-4 
 
MgAl2O4 + 4C → Al2OC + Mg(g) + 3CO        4-5 
 
Al2O(g) + C → Al2OC          4-6  
 
4Al2OC → Al4O4C + Al4C3        4-7 
 
 Filter production and evaluation 4.5.4
4.5.4.1 Rheological behavior 
Based on the preliminary results, the carbon bonded compositions were transferred to 
filter production. The rheological behavior of the respective compositions is exemplified on the 
spraying slurries (Figure 4-43). From this arises the increasing dynamic viscosity with increasing 
alumina content, from approximately 50 mPas (SS-C) to 75 mPas (AR-C). Due to the 
considerably smaller particle size distribution of the alumina, in comparison to the magnesia, the 
specific surface area, and therefore the surface to be wetted, increases. This effect is even 
intensified by the substitution of coarser alumina with the fine alumina. Nonetheless, all of the 
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compositions show a shear thinning behavior, as well as thixotropy, which are important 
properties for filter production. These are mainly ensured as a result of the graphite presence, and 
thus provide producibility.  
 
 
Figure 4-43: Rheological behavior of the respective spraying slurries 
 
4.5.4.2 Mechanical behavior 
The cold compression strength, measured on the various filters heated at 800 °C, is 
reported in Figure 4-44. Magnesia seems to have a detrimental effect on the CCS, as filters with 
the higher amount of MgO (SS-C) lead to lower average strength (0.08 N/mm²), compared to 
AR-C (0.13 N/mm²). This is in good accordance with the CCS values of pure MgO-C, as well as 
Al2O3-C filters, based on a comparable composition, as shown in chapters 4.1.9 and 4.4.3. The 
highest CCS is achieved when using only alumina (0.39 N/mm²), whereas pure magnesia leads 
to the lowest CCS (0.06 N/mm²). As already described in chapter 4.4.3, this is predominantly 
traceable back to both, the larger particle sizes and the greater thermal expansion coefficient of 
MgO. [Emm14] 
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Figure 4-44: Cold crushing strengths of 10 ppi filters produced using particles of different size, after a thermal 
treatment at 800 °C [Emm14] 
 
 In situ spinel formation under casting conditions 4.5.5
Due to the higher CCS, only the compositions produced using fine alumina, heated only 
at 800 °C, were tested by dipping in the steel melt. As it can be seen in Figure 4-45 (b, d), both 
SS-C fine and AR-C fine samples exhibit sufficient thermal shock resistance.  
 
Figure 4-45: Samples before and after dipping into the steel melt at 1640 °C. (a) SS-C fine coked at 800 °C; (b) SS-
C fine after dipping; (c) AR-C fine coked at 800 °C; (d) AR-C fine after dipping [Emm14] 
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Within the 30 s of contact with the steel melt (1640 °C), which matches the approximate 
casting time, no macrocracks form or spalling occurs. The discoloration of the filters surface at 
the contact with the molten steel is due to surface decarburization on the one hand, and to a 
newly formed coating on the other hand.  
Figure 4-46 shows a SEM image of a filter after steel contact, showing the presence of a 
coating (see arrow) with a sub-micron thickness. SEM investigations show that nearly the entire 
surface of both filter types is coated.  
 
 
Figure 4-46: SEM image of the strut of an AR-C fine filter after dipping in the steel melt; the arrow shows the newly 
formed coating [Emm14] 
 
Figure 4-47 (left) illustrates the newly formed coating on a SS-C fine foam in more 
detail. The filter surface is converted into a crystalline phase consisting of Al, Mg and O (see 
EDX analysis in Figure 4-47, right). On an oxide basis, the coating consists of 72.5 wt% Al2O3 
(51.0 mol%) and 27.5 wt% MgO (49.0 mol%), which nearly corresponds to stoichiometric 
spinel, which forms due to the carbothermal reduction of magnesia and alumina. For alumina, its 
carbothermal reduction occurs at temperatures higher than steelmaking temperatures (1500 to 
1650 °C); however, Fe has a catalytic effect and the reaction was found to occur already at 
1550 °C under casting conditions. The gaseous species, generated from the filter material, react 
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with the dissolved oxygen in the steel melt, forming spinel in situ. This reactive function of the 
filter is followed by the so-called active function, due to the oxide coating. 
 
 
Figure 4-47: SEM image of the surface of the SS-C fine filter after contact with steel (left); EDX analysis of the 
coating (right); analysis performed on the area indicated [Emm14] 
 
The surface of the AR-C fine filter is shown in Figure 4-48. Taking into consideration the 
EDS analysis (Figure 4-48 right), it appears that the same phase forms on the surface of both 
types of filters. Due to the higher amount of alumina in the initial composition of sample AR-C, 
surface composition is slightly more alumina-rich, with 73.5 wt% Al2O3 (52.3 mol%) and 
26.5 wt% MgO (47.7 mol%).  
 
 
Figure 4-48: SEM image of the surface of the AR-C fine filter after contact with steel (left); EDX analysis of the 
coating (right); analysis performed on the area indicated [Emm14] 
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Nonetheless, the Al2O3/MgO ratio corresponds more to stoichiometric spinel, rather than 
to alumina-rich spinel. Moreover, the SEM image shows that flake-like structures are formed, 
consisting of approximately 90 wt% Al2O3 (80 mol%) and 10 wt% MgO (20 mol%). Similar 
structures of comparable composition can also be found on the surface of the SS-C fine filter. 
The coating, as well as the flakes, result from the carbothermal reduction of the underlying 
oxides, while the oxygen, dissolved in the steel melt, serves as an oxygen source.  
The X-ray diffraction analysis enabled to assess the phase evolution of the filters 
immersed in the steel melt (see Figure 4-49). As it can be seen, most of the reactants convert into 
spinel, with only small amounts of MgO and Al2O3 still remaining for both compositions.  
 
 
Figure 4-49: Phase evolution for samples AR-C fine and SS-C fine after dipping in the steel melt at 1640 °C 
[Emm14] 
 
These results confirm what was previously found for the bar samples, heated at 1600 °C; 
in particular, the sample with the higher amount of magnesia (SS-C) leads to a more pronounced 
formation of spinel. However, the formation of aluminum carbide and aluminum oxycarbide was 
not detected, despite nearly the same heating temperature. The data indicate that the short testing 
time (30 s) is insufficient for the development of the carbide species, while the formation of 
spinel occurs because of the catalytically activated lower reaction temperature. [Emm14] 
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 Industrial casting trial 4.6
 Influence of the flow direction 4.6.1
According to Werzner et al. [Wer13], the flow direction of the steel exhibits an influence 
on the location of trapped nonmetallic inclusions. Hence, a SEM scan has been accomplished, in 
order to investigate a possibly large area of the filter with a highest possible magnification to 
ensure meaningful results. The scan, exemplarily represented by filter AC5+Spinel of the 
industrial casting trial, presented in Figure 4-50, contains several trapped clusters of nonmetallic 
inclusions (red-rimmed). As can be seen, a preferred direction around the filter struts is not 
recognizable – all clusters are stochastically distributed. It appears, however, that inclusions are 
trapped within the inlet area of the filter by trend. Accordingly the filtration process starts 
immediately. Nonetheless, it is proven that the entire filter is involved in this process. 
 
 
Figure 4-50: SEM image of filter AC5+Spinel after industrial casting trial presenting the influence of the flow 
direction on the location of trapped particles 
 
 Influence of the position 4.6.2
The filtration behavior of the respective filter systems, concerning the amount of trapped 
exogenous alumina inclusions in dependence on their positions, is plotted in Figure 4-51. It 
shows that the lowest amount of nonmetallic inclusions is trapped in the lower part (position 3) 
of the filter, whereas only slight variations occur between positions 1 and 2. The increasing 
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filtration with increasing filter height is, inter alia, traceable back to buoyancy. According to 
Uemura, buoyancy is given as (4-8): 
 
FB = 4/3 · πr3 · ∆ρ                                                                                                       4-8 
 
where ∆ρ is the density difference between molten steel and inclusion (kg/m³). [Uem92] Due to 
considerably lower values, compared to attraction force values, buoyancy does not provoke the 
detachment of inclusions from the filter. However, buoyancy force leads to an upward motion of 
inclusions within both the gate system and filter. [Emm13b] 
 
 
Figure 4-51: Amount of trapped exogenous alumina inclusions in dependence on their position, exemplified by filter 
AC5 
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 Influence of chemistry of the respective filters on the filtration of alumina inclusions 4.6.3
The following parts present the varying filtration behaviors of the respective filter 
materials concerning nonmetallic inclusions, composed of the chemical compositions, shown in 
Figure 4-52. Nearly pure alumina is detectable in case of the exogenous alumina particles, 
intentionally introduced to the steel melt with the aid of contaminating filters (Figure 4-52b). 
Nonmetallic inclusions, based on slightly varying Al2O3-MgO-SiO2 (A-M-S) contents could 
have been observed as well (Figure 4-52c). These are originated by the steel production process 
itself. Here, the Fe-peak identifies embedded steel artifacts solely. Due to their varying A-M-S-
contents, detailed conclusions are not permissible, wherefore they are not further investigated. In 
addition, Figure 4-52a illustrates the chemical composition of endogenous inclusions, detected 
near filters. [Emm13b] 
 
 
Figure 4-52: SEM image presenting different types of inclusions, chemical composition of endogenous nonmetallic 
inclusions (a), chemical composition of exogenous alumina inclusions (b) and chemical composition of exogenous 
A-M-S based inclusions (c) [Emm13b] 
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4.6.3.1 Filtration behavior of reactive MgO-C filters 
The amount of trapped nonmetallic inclusions in case of the reactive MgO-C filter 
(AC9MC2) from the positions 1-3 is shown in Table 4-11. The unit “inclusions per cm” results 
from counting all particles along the filter surface on two-dimensional SEM images. 
  
Table 4-11: Amount of trapped exogenous alumina inclusions in case of the reactive MgO-C filter [Emm13b] 
Alumina (inclusions per cm) 
< 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm 
1.48 9.56 4.86 3.59 3.30 
Cumulative values:              22.79 
 
It follows that only small amounts of pure alumina containing, exogenous particles are 
trapped. Moreover, introduced alumina particles are found, which formed a spinel layer on their 
surface in situ within the casting process (Figure 4-53), according to reaction 4-9 [Oku00].  
 
4/3Al2O3 + Mg = MgAl2O4 + 2/3Al                                                                         4-9  
 
 
Figure 4-53: SEM image of an alumina based inclusion after in situ spinel formation (a) including an EDX mapping 
for Al (b), Fe (c) and Mg (d) [Emm13b] 
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This reaction, where Mg is originated by the carbothermal reduction of MgO (2-8) of the 
filter surface and dissolved in the steel melt, occurs within few seconds [Oku00].  In this case, 
Mg diffusion in the alumina inclusion is the rate determining step.  
Figure 4-54 presents the typical behavior of the reactive MgO-C filter towards 
endogenous nonmetallic inclusions, composed mainly of alumina. From this it follows that these 
inclusions are only detectable near trapped alumina based exogenous inclusions, whereby the 
MgO surface mostly prevents the filtration of endogenous nonmetallic inclusions. [Emm13b] 
 
 
Figure 4-54: SEM image of endogenous inclusions only detectable close to alumina based exogenous inclusions 
[Emm13b] 
 
4.6.3.2 Filtration behavior of active Al2O3-C filters 
In comparison to the reactive MgO-C filter, the active Al2O3-C filter leads to higher 
filtration in case of exogenous alumina inclusions, as shown in Table 4-12 and Figure 4-55a. 
Besides exogenous alumina inclusions, endogenous alumina based inclusions are filtered, due to 
the formation of agglomerates, illustrated in Figure 4-55b. Those agglomerates are of the size 
range between 50-200 µm and amount to 2.51 agglomerates per cm. This leads to the assumption 
that the chemistry of the filter material exhibits a major role towards the filtration of inclusions, 
consisting of the same chemistry. Here, the Al2O3-C filter is composed of approximately 
30.6 wt% residual carbon and 69.4 wt% alumina. Due to carbon pickup by steel melt, the 
alumina content is expected to increase slightly, especially on the filter surface, although the 
carbon pickup is estimated to be very low, according to Khanna et al. [Kha11, Emm13b]     
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Table 4-12: Amount of trapped exogenous alumina inclusions in case of the active Al2O3-C filter [Emm13b] 
Alumina (inclusions per cm) 
< 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm 
219.67 174.48 13.18 3.31 2,79 
Cumulative values:              413.43 
 
 
Figure 4-55: SEM image of exogenous alumina based inclusions on the Al2O3-C filter surface (a) and agglomerated 
endogenous inclusions on the Al2O3-C filter surface (b) [Emm13b] 
 
4.6.3.3 Filtration behavior of active mullite coated Al2O3-C filters 
Table 4-13 presents the amount of trapped exogenous alumina inclusions by the active 
mullite coated filter. This indicates that a difference regarding alumina based exogenous 
inclusions occurs. Here, the mullite coated filter provokes improved filtration compared to the 
MgO-C filter. Opposed to the Al2O3-C filter, the filtration behavior is declined, however. 
Analogous to the reactive filter, endogenous inclusions are only detectable close to exogenous 
alumina inclusions (Figure 4-56a). In contrast to Dudczig et al. [Dud13], neither contact between 
mullite and carbon, nor contact between mullite and steel melt lead to the decomposition of 
mullite in case of filter application. Due to a casting time of approximately 15 s per each cast, 
insufficient reaction time for the decomposition of mullite is given. Therefore, the coating 
material (Figure 4-56b) consists in average of 62 mol% Al2O3 and 38 mol% SiO2 in the initial 
state, as well as after the casting. [Emm13b] 
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Table 4-13: Amount of trapped exogenous alumina inclusions in case of the active mullite coated filter [Emm13b] 
Alumina (inclusions per cm) 
< 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm 
57.04 66.67 16.54 3.72 4.37 
Cumulative values:              148.34 
 
 
 
Figure 4-56: SEM image of endogenous inclusions mostly detectable close to alumina based exogenous inclusions 
(a), porous mullite coating after casting (b) [Emm13b] 
 
4.6.3.4 Filtration behavior of active alumina coated Al2O3-C filters 
Under consideration of Table 4-14 and Figure 4-57b it becomes evident that the alumina 
coated filter leads to the highest values concerning the filtration of exogenous alumina 
inclusions. In accordance to the Al2O3-C filter, the alumina coated filter results in pronounced 
attraction towards endogenous inclusions (Figure 4-57a), independent of the presence of 
exogenous inclusions. The formation of agglomerates, consisting of endogenous alumina based 
inclusions (4.97 agglomerates per cm), was observed as well. [Emm13b] 
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Table 4-14: Amount of trapped exogenous alumina inclusions in case of the active alumina coated filter [Emm13b] 
Alumina (inclusions per cm) 
< 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm 
426.50 366.81 16.31 5.12 5.30 
Cumulative values:              820.05 
 
 
Figure 4-57: SEM image of the attraction of the alumina coated filter towards endogenous inclusions (a) and 
trapping of many exogenous alumina inclusions (b) [Emm13b] 
 
4.6.3.5 Filtration behavior of active spinel coated Al2O3-C filters 
In Table 4-15 and Figure 4-58 the results concerning the trapped exogenous alumina 
inclusions are summarized. It can be seen that only few inclusions were filtered. For the sake of 
completeness, it has to be mentioned that this filter was tested at another time. However, all 
parameters were kept constant in the best possible way. It can thus be concluded that spinel also 
possesses low attractive forces towards alumina inclusions, confirming the influence of the 
chemistry on the filtration behavior. 
 
Table 4-15: Amount of trapped exogenous alumina inclusions in case of the active spinel coated filter 
Alumina (inclusions per cm) 
< 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm 
21.77 7.24 0 0 0 
Cumulative values:              29.01 
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Figure 4-58: SEM image of endogenous inclusions only detectable close to alumina based exogenous inclusions 
 
4.6.3.6 Comparison of filtration behavior of all tested filters 
With regard to the filtration behavior towards exogenous alumina inclusions as a function 
of chemistry of the respective filters, the direct comparison of all tested filters presents 
distinctive differences (Figure 4-59). The alumina coated filters possess the highest affinity 
towards alumina based nonmetallic inclusions. In general, the particle sizes of the trapped 
exogenous alumina inclusions equate to the initial particle size distribution. The carbon bonded 
alumina filter leads to the second best filtration results, which consists of at least 69 wt% pure 
alumina. The mullite, as well as the spinel coated filters, present a worse filtration behavior. 
With regard to the mechanical properties of the filtered steel, Henschel et al. have certified the 
current filtration results concerning mullite coated, as well as uncoated, Al2O3-C filters [Hen13]. 
Here, they came to the conclusion that mechanical properties of steel can be even more improved 
due to the application of carbon bonded alumina filters, compared to the application of mullite 
coated filters. Due to the absence of alumina in the reactive MgO-C filter system, nearly no pure 
exogenous alumina inclusions are trapped. This leads to the assumption that the chemistry of the 
respective carbon bonded oxide exhibits great influence on the attraction forces between filter 
material and nonmetallic inclusion, in contrast to the amorphous carbon bonding itself. 
[Emm13b] 
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Figure 4-59: Amount of trapped exogenous alumina as a function of filter chemistry, position 1 [Emm13b] 
	
 Influence of chemistry of the respective filters on the filtration of spinel inclusions 4.6.4
The filtration behavior of the varying filter materials towards exogenous spinel inclusions 
is summarized in Table 4-16 and Figure 4-60. The data received show that considerably less 
spinel inclusions have been trapped, in comparison to the filtration results concerning alumina 
inclusions. According to Dekkers, spinel inclusions are assumed to possess fewer tendencies to 
separate from the liquid steel at the slag-steel or the refractory-steel interface. Moreover, 
comparably lower surface energies of spinels are expected to exhibit decreased agglomeration 
rates, which result in less pronounced harmfulness, reflected in improved mechanical properties 
of the steel. [Dek02] 
 
Table 4-16: Amount of trapped exogenous spinel as a function of filter chemistry 
 Spinel (inclusions per cm)  
 < 10 µm 10-50 µm 50-90 µm 90-130 µm > 130 µm Σ 
Alumina 17.48 21.85 4.37 0 0 43.70 
Al2O3-C 10.15 18.27 2.03 0 0 30.45 
Spinel 8.86 13,92 6,33 1,27 0 30.38 
MgO-C 6.86 4.9 1.96 0 0.98 14.70 
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In terms of the influence of the filter chemistry on the filtration of spinels, a similarity 
with that of alumina becomes apparent. Here, too, it is seen that the alumina coated filter 
(AC5+Alumina) leads to the best filtration results and the reactive MgO-C filter (AC9MC2) to 
the worst. However, the differences in the amount of trapped particles between the respective 
filters are less pronounced, which might be traced back to generally less filtered particles. As 
aforementioned, the varying surface energies and thus, increasing interfacial energies are 
strongly suggestive to be the reason for the efficient filtration behavior of alumina filters. 
  
 
Figure 4-60: Amount of trapped exogenous spinel as a function of filter chemistry, position 2 
 
 Real-time movement of endogenous alumina inclusions in dependence of the 4.6.5
chemistry of the host particle 
In order to provide a tentative verification for the previously mentioned results 
concerning varying filtration behaviors, alumina, as well as spinel particles were investigated 
with the aid of a confocal laser scanning microscope (CLSM). [Ane13b, Ane13c] Figure 4-61 
shows significant differences between alumina and spinel particles, concerning the trapping of 
endogenous, alumina based particles. Here, the particle movement of the endogenous particles is 
indicated in red. It clearly appears that all traced endogenous particles are attracted by the 
exogenous alumina host particle. In case of spinel as a host particle, only two of the traced 
particles are trapped, however. The remaining endogenous particles pass tangentially. Due to the 
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investigation of isolated areas surrounded by not fully melted steel grain boundaries, the 
influence of a possible melt flow can be neglected. This also applies to the meniscus, formed on 
the steel melt surface as a consequence of the resting host particle. The endogenous alumina 
particles pass the spinel host particle, without being hindered by slopes of the meniscus (Figure 
4-61b). 
Thus, it can be concluded that the long range attraction force of exogenous alumina 
towards alumina based endogenous inclusions is much more pronounced compared to that of 
exogenous spinel towards alumina based inclusions. This corresponds to the phenomena 
presented in this contribution, showing that the chemistry of filter materials possesses great 
influence on the filtration of nonmetallic inclusions. [Ane13b, Ane13c] 
 
 
Figure 4-61: Light microscope images of CLSM investigations of alumina, as well as spinel particles at 
temperatures between 1467 °C and 1489 °C [Ane13b, Ane13c] 
 
 Influence of the surface roughness 4.6.6
The surface roughnesses of the respective filters, tested in the industrial casting trial, are 
shown in Figure 4-62. It can be seen that the uncoated carbon bonded filters are significantly 
rougher than the oxide coated filters. The differences between the oxide coatings are negligible, 
which is attributable to equal particle size distributions in the initial state. Under consideration of 
the results concerning filtration of both exogenous alumina and spinel particles (see chapters 
4.6.3 and 4.6.4), it appears that the roughness of the surface possesses minor influence on the 
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filtration. Although an accurate quantification of the influence of the roughnesses cannot be 
provided, it becomes clear that this has to be classified as less pronounced, compared to the 
influence of the chemistry.  
 
    
Figure 4-62: Light microscope images, indicating the surface roughness of filters a) AC5, b) AC9MC2, c), 
AC5+Alumina, d) AC5+Spinel, e) AC5+Mullite 
 
However, it has to be mentioned that, within tests in the metal casting simulator, newly 
formed coatings were found on both the alumina coated filter AC5+Alumina (Figure 4-63a and 
b) and on the uncoated carbon bonded alumina filter AC5 (Figure 4-63c and d). It is assumed 
that the coating is originated by, either the carbothermal reduction of the alumina, leading to 
gaseous species, which deposit on the filter surfaces, or due to dissolution and precipitation of 
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the respective filter components. The arrows mark the new coatings, which consist of pure α-
Al2O3. It is found that this new, 100-400 nm thin, coating adapts to the shape of the respective 
materials surface and could, thus, contribute to the filtration behavior. In this case, the surface 
roughness might have an influence. However, this approach has to be further investigated. 
 
 
Figure 4-63: SEM images of newly formed α-Al2O3 coatings after the test in the metal casting simulator at approx. 
1640 °C. The coating could have been found on the alumina coated filter (a, b), as well as on the uncoated carbon 
bonded alumina filter (c, d) 
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5 Summary and Outlook 
The development of filter materials for steel melt filtration, based on carbon bonded 
alumina, was achieved in the present work. These filters served as substrates for further 
functionalization processes in terms of so-called active filters. The requirement of a shear 
thinning slurry system was obtained in filters containing both graphite and carbon black. 
Moreover, a relationship between the function of alumina as an electron acceptor, resulting in 
decreasing residual carbon contents with increasing amount of alumina, according to 
Yamaguchi, was confirmed. The optimization of the drying conditions and mix formulations led 
to sufficiently stable filters. The strut wall thicknesses amounted to approximately 300-400 µm 
(± 230 µm), determined with the aid of computer tomography. The accomplishment of the 
impingement test at 1670 °C verified the applicability of the filters.  
However, during the work, the bimodal Martoxid MR 70 was not available any more. 
The new Martoxid exhibited a monomodal particle size distribution with a smaller average 
particle size. Moreover, the manufacturer of the PU foams has changed. Since the 
CT investigations have shown that the filter interior consists of smaller strut thicknesses, the 
solid content of the spraying slurry was reduced to 70 wt%, in order to ensure a more 
homogenous strut thickness distribution. These factors led to a remarkable increase of CCS for 
the composition AC5 from 0.17 N/mm² to 0.39 N/mm². This composition was chosen for the 
subsequent investigations, since it possesses sufficient CCS and is free of stuck coke particles. In 
contrast, compositions with a Carbores® P content ≥ 25 wt% were contaminated with adherent 
coke particles, which prevent further investigations.  
In order to functionalize the carbon bonded alumina filter via increasing amorphous 
carbon amounts, preliminary tests were carried out to determine the suitability of resins as a 
binder. Due to the very low residual carbon content of approximately 40 wt% and generally 
lower strengths after coking, compared to pitches, no filters, based on resin bonding, could have 
been produced. Hence, filters of the type AC5 were spray-coated with resin, in order to generate 
pure amorphous carbon surfaces. Due to the good miscibility of the resin with water, a sprayable 
emulsion was generated, which ensured a homogenous covering of the filter. Additionally, this 
emulsion infiltrated the pores of the thermally pretreated filters, resulting in decreasing open 
porosity, increasing cold crushing strengths, as well as increasing Young´s modulus of elasticity. 
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Using both X-ray diffraction and thermogravimetry, an increasing amount of amorphous 
(turbostratic) carbon was detected. However, all resin coated filters failed the impingement test. 
As a function of the pronounced Young´s modulus, the thermal shock resistance of the filters 
decreased dramatically.  
Hence, the influence of varying coking temperatures on the properties of carbon bonded 
alumina filters, based on composition AC5 was determined. This is possible, since pitches have 
the ability to convert into more crystalline structures as a result of increasing annealing 
temperatures. Only minor changes in the CCS, as well as in the Young´s modulus of the filters, 
coked at 1400 °C occurred. This led to the pass of the impingement test. As a consequence of the 
identical compositions of the filters, influencing parameters are effectively minimized to the 
variation of amorphous (turbostratic) and crystalline carbon modifications. Accordingly, these 
filters provide good comparability concerning their respective filtration behavior.  
In terms of the second functionalization approach, new active oxide coated filters for 
steel melt filtration, with a coating thickness of approx. 50-80 µm, have been developed. It was 
shown, that Carbores® P containing filter substrates have to be thermally pretreated, in order to 
guarantee pure oxide coatings. A sintering temperature of 1400 °C led to the generation of tight 
coated filter systems, due to a pronounced shrinkage of the coating materials onto the filter 
struts. In addition, the sintering, as well as the cooling shrinkage, generated compressive stresses 
that counteract the peak stresses of the hollow filter struts, resulting in higher cold crushing 
strengths. The amount of the CCS increase was dependent on the sintering activity of the 
respective oxides. Therefore, the CCS decreased from alumina over spinel to mullite. Chemical 
interactions between substrate and coating materials did not occur. Concludingly, the 
applicability of the newly developed filter systems in consideration of their thermal shock 
resistance, as well as their permeability, was approved. 
Despite the fact that MgO is susceptible to hydration, leading to brucite formation, the 
application of thin, water based coatings, on carbon bonded alumina substrates, was possible, 
resulting in reactive MgO-C filters. Here, too, the electron donating function of MgO led to 
increased residual carbon contents, compared to alumina based systems. As a result of the low 
packing densities, the bigger particle sizes and the pronounced thermal expansion coefficient, 
these filters possessed very low cold crushing strengths, as well as no dimension stability. Hence, 
Summary and Outlook 
 
 
114 
 
the production of pure magnesia containing filters had been proven to be impractical. Therefore, 
the carbon bonded alumina composition was used as a first, impregnated layer. In combination 
with a MgO-C spraying layer, stable filters with a wall thickness distribution of 400-600 µm 
(± 330 µm), which passed the impingement test, were generated. In order to verify the basic idea 
concerning a dissolved oxygen reduction by using carbon bonded MgO filters, a metal casting 
simulator was used. The reduction of the total oxygen content in the steel melt of approximately 
3 ppm per filter per 30 s, verified the reactive function of the MgO-C. With the aid of EBSD 
analysis, newly formed whiskers on the filter surface were detected to be secondary MgO. The 
carbothermal reduction of MgO and the following reaction of the Mg vapor with the dissolved 
oxygen could conclusively be proven, under conditions close to reality. 
In order to combine the functionalities of the active and reactive filters and to exploit the 
volume expansion of the in situ spinel formation, filters, based on the system MgO-Al2O3-C 
were produced. It turned out that the formation of spinel increased with increasing heating 
temperature, and the amount produced, increased with increasing the amount of magnesia and 
reducing the amount of carbon in the mixture. The formation of spinel reduced the overall 
shrinkage of the ceramic materials, which is detrimental in filtration applications because it 
reduces the permeability of the filters. The immersion of foams that were only pre-heated at 
800 °C into a steel melt at 1640 °C, led to the in situ formation of spinel, with most of the raw 
materials converted after only 30 s of contact with the melt. This ensures the most stable flow 
rate, compared to currently applied filters for steel melt filtration. In addition, this in situ spinel 
formation approach enables the manufacturing of filters with bigger geometries for higher 
casting capacities by improving the thermal shock performance due to selective generation of 
compressive stresses in areas where it is required. The data prove that these innovative systems 
can be successfully used for molten steel filtration.  
Finally, a selection of newly developed filters was tested in collaboration with the 
industry. It could be found that the lowest amount of nonmetallic inclusions is trapped in lower 
parts of the filter, whereas upper parts led to more efficient particle removal. The phenomenon of 
increasing filtration with increasing filter height is assumed to be traceable back to buoyancy. An 
influence of the surface roughness on the filtration behavior, determined with the aid of digital 
lightmicroscopy, was not observed. However, in course of trials within the steel casting 
simulator, it was seen that a new, alumina based coating was formed on both active alumina 
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coated filters and uncoated carbon bonded filters. This coating might have an influence on the 
filtration behavior and should therefore continue to be examined. However, within the scope of 
the present work the influence of the chemistry of varying filter materials on the filtration of 
exogenous alumina, as well as spinel inclusions has been verified. That implies that the higher 
the alumina amount on the surface is present in the filter system, the more nonmetallic inclusions 
are getting trapped on the filter surface. The observation of real-time particle movement, using a 
confocal laser scanning microscope revealed pronounced attraction forces of alumina, compared 
to spinel, which is expected to be one of the most important influencing factors in steel melt 
filtration. In case of MgO-C filters, its carbothermal reduction generates gaseous Mg which 
reacts with exogenous alumina inclusions, leading to in situ formation of spinel.  
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7 Appendix 
 
 
Figure 7-1: Particle size distribution of alumina Martoxid MR 70, with a bimodal distribution and d10 = 0.43 µm, 
d50 = 0.84 µm, d90 = 1.72 µm (old batch) and a monomodal distribution with d10 = 0.41 µm, d50 = 0.79µm, d90 = 
1.59 µm (new batch) 
 
 
Figure 7-2: Particle size distribution of magnesia with d10 = 0.74 µm, d50 = 17.47 µm, d90 = 98.94 µm 
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Figure 7-3: Particle size distributions of oxides (alumina CL 370 with d10 = 0.17 µm, d50 = 1.52 µm, d90 = 6.76 µm, 
spinel AR 78 with d10 = 0.3 µm, d50 = 2.14 µm, d90 = 11.87 µm, mullite M 72 with d10 = 0.37 µm, d50 = 4.40 µm, d90 
= 16.73 µm) for active coatings 
 
 
Figure 7-4: pore size distribution of the oxide coatings 
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Figure 7-5: Particle size distribution of tabular alumina T60/64, used as exogenous inclusions, with d10 = 3.54 µm, 
d50 = 69.01 µm, d90 = 190.60 µm 
 
 
Figure 7-6: Particle size distribution of alumina-rich spinel AR 78, used as exogenous inclusions, with d10 = 3.80 
µm, d50 = 43.03 µm, d90 = 125.20 µm 
